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ABSTRACT

The genesic, method of operation, and accomplishments of the Refrac-
tory Metals Sheet Rolling Panel are described in the report of the main
Panel, alung with reflections on the conduct of such a program and recom-
mendations for future activities in this field.

Summary reports of the eleven subpanels and one special ad hoc sub-
panel are included in the body of the report. Longer discussions of ac-
tivities of the Subpanel on Alloy Requirements & Selection constitute an
appendix to the report.




FINAL REPOKT

REFRACTORY METALS SHEET ROLLING FANEL

RECOMMENDATIONS

Introduction

The refractccy metal sheet rolling program was originally established
by the Department of the Navy, Bureau of Naval Weapons, to identify the
variables anc causes responsible for variation in refractory metal sheet
and to develcup remedies for these difficulties, 1t was intended, in gen~
eral, to develoy a comprehensive technology for making high-quality, re-
producible, widely usable material, with all the implications therein,
responsive to the establishcd requirements of weapons and vehicle designers,
The program subsequently was expanded through tire Department of Defense to
ruciude the other Services, and National Aeronautics und Space Administra-

tion .4 Atomic Energy Commis.ion in a broadly based, integrated effort.

Av this writing, $iX years later, the refractory uwetal sheet industry
in the ruited States is a going business, 1In the last few years there has
been avaitable: & choice of strong alloys; wide and thin sheet produced
te <lose tolerances; a background cf property data and formability experi-
ence, and finally, sufficient production know-how to permit reasonable
deliveries and realistic quotations. Several of the currently available
alloys were unknown at the start of the program, It is believed that the

sheet rolling program has made a significant contribution to this progress.

Although the coordinated program is well along and it is clear that
the general objectives havz been achieved, some of the contractor programs
need to be completed. Othier program recommendaticns should be implemented

as outlined in the body of this report in Table &,

With the ending of the formal program, the following recommendations

are offered:




1. a. Collection and dissemination of Phase I and Phase II
data should be accomplished for the columbium alloys FS-85,
D-43, and Cb-752 and for the tantalum alloys T-222 and
GE-473 in limiced-scope programs as defined in Table 4.

A single summary document should be prepared that will in-
clude all pertinent reliable property data (Phase II data)
along with the mill-processing history (Phase I dat=) for

each of these materiala,

b. Advanced tungsten alloys of both the high-strength aud
room-temperature ductile classes have shown exceptional
prornigse., After additional labecratory optimization has been
completed, a seleried Luugsten alloy or alloys should be
scaled up to the pilot level for demonstration of production
feasibility and for determination of prelimingry design data.

2. A coordinated coating program should be continued as described
in the Coating Subpanel report, page 632; additional detailed recommenda-
tions will de found in this subpanel report.

3. A coordinated tubing program should continue as recommended in
the Tubing Subpanel report, page 111,

4. A "working forum'" or a standing "Refractory Metals Requirements
& Selection Panel' (RMRSP), including Government, consumer, producer, and
B&D groups, should be created to review progress regularly, in the area
of refractory metal developments leading to all needed product forms. The
"minuted'of such meetings should be available to all to provide maxiwum
information for guidance of both industry in-house and Government programs,
It nas been prcved that proper action will follow 1f objectives can be
clarified and made known to those who must respond. It is deemed an es-
sential feature of such activity that an "Alloy Selection Group'" would
impartially select specific compositinns to be recommended for Government

support for process developments, The Panel suggests that this apprcach




Z2y, indeed, be appropriate for a wide variety of materials required in
Government programs, particularly where there is critical need and a small

market,

9, Some additfonal recommendations will be found at the end of

geveral of each of the subparel reports in this document.



PANEL ACTIVITIES AND CONTRACT PROGRAM

Formation of the Refractory Metals Sheet Rolling Panel

At the inception there was a need for refractory metal sheet for cer-
tain research and development vehicles or devices such as the X-Z0, ramjets,
and solid rocket components plus, certainly, the knowledge that with the
constantly upward trend in operating temperatures, requirements would be
present if quality sheet of the proper alloys could be provided. At that
time very few refractory metal alloys were available, surface and dimen~
sional control was poor, and worst of all, product quality was extremely
variable., This was the era when unalloyed nolybdenum was beginning to be
replaced by the Mo-~0.5Ti alloy, Cb~lZr was the columbium alloy, wher there

were no tantalum alloys, and no sizeable tungsten sheet.

A major quality problem was lack of uniformity, Variable formability
and tendency to delaminate or crack during shearing and forming (Ref. 1)
were persistent problems in attempted appiications. These problems were
most pronounced with Mo- and W-based materials. All of the refractory
metals considered in this program, W, Ta, Mo, and Cb, are body-centered
cubic metals and at least W, Mo, and Cb exhibit a ductile-brittle transi-
tion temperature as temperature is lowered. It is desired that this DBTT
be below roor: temperature to facilitate handling and forming. Molybdenum
sheet was found to have an extremely variable DBTT, usually above room

temperature,

In the "Report of the Committee on Refractory Metals'" (Ref. 2) in
1959, it was stated:

"The principal deterrent to the use of molybdenum sheet
is its unreliability in mill products produced today, and the
limited technology that has been developed to fabricate it into
engineering structures, Quality variations, ranging from un-
acceptable to acceptable, are serirusly retarding the final "




development of this metal as an engineering materiai. Fabri-
cation problems such as fusion welding and protective coating
are also a deterrent to its application. The great potential
moilybdenum sheet metal has for extending presert airframe and
engine structural concepts to higher operating temperatures,
thereby resulting in the simplest, lowest weight structure,
cannot be taken advantage of until the metai cam be reliably
produced and fabricated.

“In addition to the required improvements in metallurgical
behavior, a considerapble cffort is necessary to provide rolling
equipment, furnaces, and supporting xquipment. Thease must be
capable of rolling large (3€-inci wide), flat, thin (down to
0.010 inch) sheets, with thickness tolerances tie same or one-
half those for steel, of the Mo-0.5Ti alloy and advanced al-

loys for structural application in airframes and engines.”
(page 146)

This report concluded with a strong recommendation ti:at a molybdenum

sheet rolling program be instituted.

Surface contamination was another persistent problem. Columbium and
tantalum alloys are particularly prone to contamination from oxygen and
nitrogen when heated, and some Mo alloys are also susceptibie. Such con-
tamination reduced bend ductility and formability. The lack of uniformity
also affected mechanical properties, and as a result many designers felt
that refractory metals were not ready to be specified. These difficulties

with refractory metal sheet have been described in morz detail in Reference 1.

In an attempt to confirm the existeace of applications for refractory
metals, the Aerospace Industries Association (then the Aircrafc Industries
Association) polled the members of its Aircraft Research and Testing Com-
mittee. The three questions asked were: Which metals were of interest;
yearly quantities required; and the desired characteristics in the metal.
Returns from eiguteen companies showed strong interest in molybdenum,
columbium, and fungsten (totaling 15,000, 12,500, and 1C,000 pounds of
mill products), and lesser interest in vanadium, rhenium, chromium, and

tantalum, With hindsight, it would appeuar that the limited interest in




tantalum (a total of 660 pounds was the estimated requirement for the

eighteen companies) was not justified.

Ob jective of the Program

In the words of the 1959 Molybdenum Panel quoted previously, the
objective was to '"develop the technical information necessary to trans-
pose previous limited processing . . . into a high-quality production
sheet product suitable for use in aircraft and missile manufacture, and
to evaluate the resulting material." It was decided not to restrict the
scope of molybdernum. In practice, nearly equal emphasis has been given
to all four important metals, molybdenum, columbium, tantalum, and tungs~
ten. The program was not one of research but one of identification and

development of alloys of promise.




Method of Operation

The Refractory Metals Shkeet Rolling Fanel decided that the program

should be divided into three phases for each alloy:

Phase 1 -~ Development and documentatior of a production practice
for high-quality sheet and production of a quantity of

sheet to demonstrate and establish quality and uniformity,

Phase I1 - Measurement of preliminary design data for the "pedigreed"

sheet from Phase I.

Phese III - Establishment of limits of formability and dezinition of
forming and joining procedures for sheet, fcllowed by
tests of fabricated structural elements. In some cases
prototype aerospace vehicle or propulsion system com-

ponents were to be designed, fabricated and evaluated.

During the tenure of the main panel, twelve subpanels were created
(Table 1) to aid in guidance, to provide standards, or to survey the state
of the art and recommend needed research. The activities of each has beer
summarized in the main body of the report following this description of
panel activities; they are highlighted herein, as necessary, to illustrate

their specific functions in the activity.

Alloy Selection

0f major importance was the decision as tc which refractory metals or
alloys should be fed into the program. This portion of the activity was
the responsibility of the Subpanel cn Alloy Requirements & Selection. This
group has repeatedly surveyed the requirements for these materials by con-
sulting the consumers and by referring to the product of the Aerospace Ap-

plications Requirements Panel of the Materials Advisory Board (Ref. 3).
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They conducted, at the initiation cf the program, a survey to learn the
statug of refractory metal slloy development in this country. Based upon
these surveys, they decided it was desirable to set target properties for

8ix specific classes of alloys:

l, Tabricable molybdenum
2. High-strength molybdenum

3. Fabricable high-strength columbium (originally separated into
two classes)

4., Tantalum
5. Unalloyed or dilute tungsten
6. High-strength tungsten

The targets are described in the table on page 133, These targets
served two purposes: (1) they provided the industry with specific objec-
tives permitting them to focug their efforts for alloy development, (2)
they listed specific test data that should be obtained to permit valid
comparisons to be made. The stimulus for response by the industry was
the opportunity for Panel endorsement and for Government support for
Phares I, II, and I1I for the selected alloys.

An example of the philosophy in creating the targets can be seen by
comparing the ''fabricable" and "high-strength' molybdenum classes, The
significant difference appears in high-temperature strength and room-
temperature ductility requirements. The high-strength alloy was to have
a comparable strength but at a 400°F higher temperature. This strength
was to be obtained at a sacrifice in room-temperature ductility and

ductile-brittle transition temperature.

An important point of philosophy can be illustrated for columbium
alloys. It was stated (by the targets) that, to be of interest, columbium
alloys must retain a major attractive characteristic of columbium =- good
ductility in the welded condition at room temperature. Molybdenum alloys
having high strength but lacking weld ductility were already available.
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The targets were submitted to the industry and candidate alloys were
screened. Following selection of candidates, the Government agencies could

fund development through the three phases as deemed necessary.

The making of reliable cormparisons of alloys requires dependable and
comparable data. An iwportant role was played by the Army Materials Re-
search Agency which established a laboratory facility specifically for
providing a uniform evaluation of candidate alloys. The mechanical prop-
erties of most alloys, as measured at AMRA, checked producers' results
rather well with only occasional controversies. This reflects continued
coordination and cooperation of participants in improving and standardiz-

ing testing techniques during the course of the program,

Alloy selection has been an intensive process spanning several years.
It required an estimation of future (and vnknown) requirements, a knowledge
of present capabilities, and a need to balance producibility against high
properties. Those involved in the program were impressed with the manner
in which industry responded to the challenge. Once clear oijectives had
been established, producers, whether under contract or not, made rapid prog-
ress so that within a few years several alloys in gach class were available
for selection, It is significant to note that at this date the target prop-

erties have been achieved for all classes except high-strength molybdenum,

As will be appreciated, it is a long road from 3 laboratory sample to
commercial availability of large sheet with good surface and flatness and
close tolerances and reproducible properties. Largely, this is what the
refractory metal sheet rolling program was all about. During scaleup, the
composition may change, mechanical properties do not always hold up, segre-
gation is often a problem and so forth. Nevertheless, in this period, we
have seen the process development accomplished for alloys of molybdenum,

columbium, and unalloyed tungsten, with tantalum alloys not far behind.




Contractor Programs

The alloys and contracts of all three phases of the program are indi-
cated in Table 2, The first column lists by classes, the alloys that have
been selected for scale-up by the subnanel, and the other columns list the
contractors., Additional contracts have been recommended as will be de-

scribed in a later section,

It is beyond the scope of this summary to detail the technical details
of the 14 or 15 contracts of the program. The contractors regularly docu=-
mented their progress, however, and DMIC has issued reports (Ref, 4) sum-
merizing all contractor achievements. A report summarizing all contractor
progress to date will be released by DMIC in 1966, Highlights will be de-

gscribed later herein,

Molybdenum

The fabricable molybdenum alloys Mo-0.5Ti and TZM (Mo-0.5Ti~
0.08Zr-0,03C) were supported in Phase I and this phase is complete.
TZM is proceeding through the subsequent two phases,

The status of development of high-strength molybdenum alloys
was revfewed April 1963 and TZM (M0-1.25Ti-0,3Z2r-0.15C) was iden-
tified to be of interest., Because of a lack of a definite require-
ment for such alloys and because development of production processes
would be costly, development scale-up has not been recommended at
this time,

Tungsten

In the case of unalloyed tungsten, two production routeg have

been investigated, powder metallurgy and arc cast, in Phase I. The
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TABLE 2

Contracts of Primary Interest to the Refractory Metalg Sheet Program

Pilot

Fabricable Mo

MO-O.STi
TZM

Unalloyed W
Powdar Met,

Arc Cast

Tantalum

30Cb-7.5v

T-222 Westinghouse(BW)

GE=-47"~ GE In-House
Funded

Fabricable (and
weldable) Cb

D-43 (X110}

B-66, FS-85 Fansteel and
Westinghouse(BW)
Cb-752 Haynes=-Stellite(AF

Foil Contract Metals & Controls
(AF)

Phase 1

Universal
Cyclops(BW)

Fansteel (BW)

Universal
Cyclops(AF)

Wah Chang (AF)

Crucible -
duPont {AF)

duPount (AF)

Sponsors: PW - Bureau of Naval Weapons
ac = Alr Force Materials Laboratory

Phase I

Southern
Res. (BW)

Southern
Res. (BW)

Phase III

McDonnell (BW)

Solar and
Super-Temp (BW)




powder metallurgy material is being investigated in Phase II and

iII programs also., The Panel has not endorsed support of unalloyed
arc-cast tungsten beyond Phase I although some evaluation of Phase I
naterial would be expected. Phase I is complete for the powder metsl-
lurgy tungsten, but not for the arc-cast material. Phases II and

111 are nearing completion for the powder metallurgy material.

Taantalum

iis tantalum alloys the Panel has recommended no additional
support for the Ta=30Cb-7.5V alloy but has urged continued effort
on the T-222 alloy (Ta-9.6W-2,41f-0,.01C) developed by Westinghouse
under BuWeps support and the GE-473 alloy (Ta-7W-3Re) developed by
the Gencral Electric Company. Thesc latter alloys have been through
pilot programs (GE-473 with company funds) to demonstrate their
producibility and outstanding properties. Because establishment
of quality and uniformity in production is deemed straightforward
and simple, a modest Phase I program, has teen recommended. This
would be followed by a Phase II program to determine properties of

the pedigreed sheet., Phase I1I has not been recommended.

Columbiun

For columbium alloys, the Panel recommended FS-85 (Cb-28Ta-
10W-1Zr) and B-66 (Cb-5Mo-5V-1Zr) for "pilot" support with two
producers investigating both alloys. From the results of those
programs, FS-85 was recommended for further development in a pro-
gram similar to that recommended for T-222 and GE-473 (see above).
The Air Force Phase I shset program on D-43 (Cb-10W-1Zr-0.1C) was
eadorsed and the panel regularly reviewed the Air Force “pilot"
program on Cb-752 (Cb-10W-2.5Zr). Although formal Phase IT and
Phase IIl programs have not been conducted on D-43 and Cb-752,




material has been distributed to those who may obtain such d:ca.
The Panel has recommended that all of this information for each
ailoy be collected and published by DMIC.

Foil

The last line on the table describes work on production of
refractory metal foil of tungsten and certain columhium and tantalum
alloys. Poil to 0.002-inch thickness has been produced in szome of

these materials,

The progress of the coutracto.s has been gratifyiog from the techni-
cal viewpoint. Without Government support the contrsctor generally can-
not afford to explore alternate routes to achieve a high-quality sheet
product in the face of an uncertalr market when material costs may be, say,
50 dollars a pound, Figure 1(a) and (b) show the many alternate proces-
sing routes explored for one material in the Government-funded program.
Given this opportunity, the producer has explored enough azlternate proc-
esses to devise one capable of achieving a consistent reproducible high-

quality product,
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General Program Achievements

To highlight the progress under the program, we may compare in Table
3 the current status of the allays for high-quality sheet with their
status when the program began in November 1959, This table shows that
several of the alloys which have advanced within the time period of the
program to a print where sheet can be produced in large sizes with good

Quality and uniformity were unknown at the start of the program,

Another point of interest is to compare the properties of the selected
materials that have been investigated in the scaleup program with the more
significant targets of strength, ductility, and weldability, Figure 2.

For each of four classes, the bar graphs compare the high-temperature ten=-
sile strengths of the selected alloys to the targets (shaded bazs). The
tabular data at the top of the figure compare the ductile~brittle transi-
tion temperatures with targets and also compare the ductility at room
temperature after welding with the target.

For the fabricable molybdenum class, the selected alloy, TZM, exceeded
the strength targets at 2000° and 2400°F but of more significance is the
ductile-brittle transition temperature comparison. Early in this summary,
problems in molybdenun. were described with emphasis on the fact that the
only consistent feature of the DBIT was that it was almost always above
room temperature, As a result of the program, attention has been focused
on an alloy, TZM, having much better strength that now consistently dem~
onstrates a DBIT below minus 60°F. Room temperature weld ductility was,

of course, not sought in molybdenum and not achieved,

Unalloyed tungsten was pursued for use at very high temperatures and
met the targets for tensile strength at 3000° and 3500°F. Capability of
producing large sheet with good quality and uniformity in flatness and

in gage control was sought and generally achieved. Ductility at room
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TABLE 3

History of Alloys Identified for Production

Development by Sheet Rolling Panel

Alloy Class

Status
November 1959

Status - 1965

Fabricable molybdenum
Mo-1/2Ti

TZM (HO'G eSTi"'O. 121""0 . 030)

Tungsten
Unalloyed

Fabricable & weldable columbium
D-43 (Cb=-10W-12r-0.1C)

Cb-752 (Cb-10W-2.52r)

FS-85 (Cb-28Ta-10W-1Zr)

Tantalum

T-222 (Ta-loW-2.5Z¢-0,01C)

GE-473 (Ta-TW-3Re)®)

(a)Development funded by G. E.

Large sheet

poor quality
Small sheet

Lab, size
sheet

Unknown
Unknowm

Unknown

Unknown

Uknown

Completed production
program (24 x 72" sheet)
Completed production
program (24 x 72" sheet)

Complr:ted production
proyram (18 x 48" sheet)

Completed production
program (24" wide)

Completed production
program (24" wide)

Cocmpleted pilot
production (13" wide)

Completed pilot
production

Completed pilot
production
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temperature was not expected, However, recent presentations to the Alloy
Requirements and Selection Subpanel indicate .hat room-temperature ductile
tungsten alloys may be achieved when moderate rhenium additions (approx.

5%) are present,

Columbium alloys were sought having good strength but with major
emphasis on the requirement that they should be ductile when welded,
(otherwise they would have little advantage over molybdenum alloys.) The
resultant alloys describted in Figure 2 are of high strength, have a GBIT
of lower than minus 250°P,and FS-85 and D-43 after being welded will sur-

vive a bend over 2T radius at rocm temperature,

Tantalum alioys were sought having a higher use temperature than
columbium alloys and with even better ductilities, These have been

achieved,

Ancther indication of progress is to note the formability of the sheet
product of the Phase I programs in contrast to the earlier status presented
in the first paragraphs of this summary. The determination of formability
and formability limits has been the responsibtility of Phase III contractors
with objectives and progress guided by the Phase III Subpanel. These
studies are underway for the molybdenum alloy TZM at McDonnell (e.g.,

Ref. 5) and for tungsten at Solar (e.g., Ref. 6) and at Super-Temp (e.g.,

Ref. 7) under sponsorship of the “ureau of Nava. Weapons,

Fori:ed parts of TZM are shown in three figures: a curved channel,
Figure 3, corrugations formed at room temperature, Figure 4, and a dimpled
corrugation, Figure 5, All of these figures are from the contract of
Ref, 5.

Formed parts from powder metallurgy tungsten are shown in Figure

6(a) and (b) and show the apparatus for hot forming a corrugated test
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CORRUGATION - 0,015 INCH TZM MOLYBDENUM
FORMED AT ROOM TEMPERATURE

B . MCDONNELL

FIGURE &4
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DIMPLED SKIN AND CORRLGATION - 0.016 TZM

MOLYBDENUM DINPLED AT 3000 F
Role Diameter - G, 03¢

P

SKIN AND CORRUGATION McDONMELL
WERE DIMPLED SIMULTANEGUSLY

FIGURE 5
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13) CLOSEUP OF 43T CORAUGATING DIE SLILF FOR FORMING

CORRUGATED SIMPLE LLIMENT 1EST PANELS

(0) Fabricated pane's

Fi

1]

+ 6 - Corrugated Test Panels from 0,020-inch
Tungsten Sheet
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panel, Figure 6(a), and finish pieces, Figure 6(b). Deep drawn cups

that were drawn at about 1650°F are shuwm in Figure 7. These figures are
from the contract of Ref, 7. Clearly, i: has been shown that proper
procedures can produce quality parts of these alloys., This was expected,
An important product of the Pbase III contractors will Le the provision
of guidelines for the forming of these materials,

A particularly important contribution of the panel activity has been
the output of certain of the subpanels. The Test Methods Subpanel has
provided guidelines for testing of refractory metals where none existed
before, The Coating Subpanel similarly provided needed recommendations
for standard tests for coated refractory metals. The Quality Specifica-
ticr~ Subpanel has provided targets for refractory metal sheet quality and
outlined sheet sampling methids. All are being widely used., The Analysis
Methods Subpanel has guided round robins for measurement of capability of
analysis methods in refractory metal alloys. Several of the panels have

recommended needed research that has been supported by the services.
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DEEP DRAWN CUPS MADE FROM 0,06 AND 0, 10C iNCH
RMSRP TUNGSTEN SHEET

SOLAR

FIGURE 7
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Summary of Status

The following alloys have been involved in the refractory metul sheet

rolling program:

Alloy Base Involved in RMSRP
Molybdenum Mo=0,5Ti, TZM ( 40-0.5Ti~0,08Zr-0.02C)
Columbit: FS-85 (Cb-28Ta~10W-12r)

D=43 (Cb~10W-1Zr-0.1C)

Cb=752 (Cb-10W=-2,5Zr)

B-66 (Cb=5Mo-5V~-1Zr)
Tantalum T-111 (Ta=-8w-2Hf)

T-222 (Ta-10w-2.5Hf-0.01C)

30Cb-7.5V (Ta=30Cb=-7.5V)
Tungsten Unalloyed

Available Quality

It has been demonstrated that large sheets of high-strength

refractory metal ailovs can be procuced to meet consistently the following

specifications:
Thickness tolerance 1/2 AMS 2242
Edge camber 3/16" max, in 8'
Flatness 47 (half-chord) to 6% in the case of
thin-gage tungsten
UTS +7% about the mean (+5% in one lot)
Ys +157 about the mean (+8% in one lot)
2000°F UTS +107 about the mean
2000%F YS +15% about the mean




Transverse bend transition not more than 50 F in one sgheet;
temperature variation not more than 50°F in one lot
(150 F for tungsten)

Transverse and lonoltudinal bend transition tempetature var1at1on
not more cian 100°F in one sheet or lot (except 150°-200°F in the
case f tungsten)

Property Data

The meciianical properties (strength (both room and elevated
temperature), creep rvpture, recrystallization temperature, transiticn
tenperature, nd berd ducility) have bea2n obtained using standardized
test techniques on “pedigreed" sheet on molybdenum alloys (TZM and
Mo~1/2Ti) and unalleyed tungsten. In addition, considerable but less de-
tailed data are available on FS-85, D=-43, Cb-752, and B-66 coiumbium alloys,

and on several tantalum alloys.

Formability Limits

The producibility of hardware made from tungsten and molybdenum (TZM)
has been demonstrated by work carried on ai Solar, Super-Temp, and McDonnell.
The types cf fabricating operations, forming limits, temperature and strzin

rate restrictions, etc., have been established,

Production Know=How

A sufficient number of production variables have been explored so that
optimized reproducible methods have been established. Thousands cf pounds
of several of the allcys have been produced, lending confidense in the

chosen methods,

These accomplishments are the result of industry-government cooperation
generally within the framework of a coordinated progzram guided by the

Refractory Metals Sheet Rolling Panel of the Materials Advisory Board.
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Subpanel Functions

The elaven subpsnele were indicated in Table 1. Thelr accomplishments
and recommendatiors are desceribed in Part II of this volume and highlighted
in the following paragraphs. The roie of the Alloy Requirements and

Selection Subpzanel has been described previously.

Steering
This group, as the name implies, channeied thz main panci delibera-
tions toward particular problem areas and pianned the agenda for the main

panel meectings,

Consolidation and Procesging

Cousclidatien and Preocessing are the focus of the Phase I activity.
A subpanel was created early in the program to review this problem area,
looking separately at the problems of consolidation, hot working, and cold
working. Specific research and development projects were recommended
(MAR~179-M, Ref, 8) which could lead to improvements in quality, rzcovery,
and cost, It has been most gratifying that this report has been useful
to the responsinhle representatives of government agencies who have initiated

research and development in most of the recommended areas,

Joining

The Joining Subpanel conducted s similar state-of-the~art study
(MAB-171<M, Fef., 9) in its area,

Quality Specifications

The Quality Specifications Subpanel provided guidance on targets for

quality (flatness, gage, uniformity, etc.) in Phase I production programs
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and provided 2 report describing methods for sampling of sheet znd
measurement of quality to determine whether these targete had been met
(Ref. 10). After the tungsten sheet bad been produced, they esaluated

the quaiity and provided reports on recommended quality specifications for
tungsten plate (Ref. 1l1) and tungsten sheet (Ref. 12).

Phase II Guidance

The subpanel outlined the data to be obtained in the Phase 11 program,
The decision as to which data were to be obtained was based upon recom-
mendations of the Aerospace Industries Association upon which the judgments

of t..e panel members were superimposed.

Phase 111 Guidance

The Pnase III Subpanel is a guidance group that ovutlines specific
ob jectives and a general method of approvach for those programs that have
as their purpose to determine formability and to fabricate test components
from the "pedigreed" sheet.

Test Methods

The Test Methods Subpanel has outlined recommended testing methods
(Ref. 13) for refractory metal sheet, Guidelines for evaluation of these
highly reactive and expensive materials have not been available previously
and thus many laboratories are following the recommendstions of the Sub-
panel, The test procedures were developed following ASTM guidelines for

other materials as closely as practical., Methods are described for:

Tensile Tests at room and elevated Shear
temperatures

Compression Bend
Notch tensile Bearing
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3tress rupture Fatigue

Creep Thermal conductivity
Weld evaluation Thermal expansion
Delamination Specific heat
Recrystallization Modulus of elasticity

Analysis Methods

Another major p-oblem area in refractory metals has been to achieve
high precision and accuracy in chemical analysis. Three groups are pursuing
this area, the Subpanel on Analysis Methods of this program, the ASTM, and
a ccmmittee under the Advisory Group for Aeronautical Research and Develop-
ment of NATO (AGARD). The Subpanel dealt specifically with the important
materials (usually alloys) of this program. The methods used in this
country were surveyed and the state of the art was assessed (Ref., 14).
Based on this survey it was decided that round robins were needed to im-
prove the quality of the analysis and to better define the areas needing
additional research, The round robins are directed specifically at alloys
of importance in the sheet rolling program and include a material from

each of the four refractory metals, The alloys are:

Molybdenum alloy TZM; Mo-0,5Ti-0.08Zr
Columbium alloy F$-85; Cb=-27Ta-10w-0,7Zr
Tantalum alloy T-lll*; Ta=-8wW=-2Hf
Tungsten Unalloyed

The Bureau of Naval Weapons contracted with the Bureau of Mines Laboratory
in Albany, Oregon, to produce homogeneous standard "reference materials"
of each alloy for the round robin. The results of the round robins will
be published by DMIC as Report 220, and by MAB (Ref, 15). This summary

*
T-111 is an early version of T-222, 1Its analysis problems should be
similar to those of T-222,
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will indicate the levels of precision achievad and the methods used for

both interstitial elemente and major alloying elemeats.

The National Bureau of Standards has agreed to provide a repasitory
for the remaining ‘'reference material" of each alloy, to distribute this
material to cthers who wish to compare their methods to those of the ori-

ginal round robin, and, finally, to publish summaries of any such additional
analyses,

Coating

Many of the important applications requiring the high-temperature
strength of the refractory metals also involve the use of these mecals in
an air environment. Unfortunately, none may be used without coating and
the provision of satisfactory coatings has been possible to date only for
some limited (though important) short~time and/or relatively modest tenpera-
ture situations. A major responsibility has fallen upon the Coating Sub-

panel to investigate this problem area.

The first act was to evaluate the state of the art with the aid of an
intensive questionnaire, circulated to all organizations active in research
&dd development or production of refractory metal coatings. These results
vere summarized in MAB~181-M (Ref, 16). It was immediately obvious that a
major difficulty in assessing coating progress was that similar tests were
not being run for various coatings -- test results could not be compared.
The Subpanel devised and recommended standard tests for coating evaluation
(MAB-189-M, Ref, 17), Currently, coating specialists are utilizing these
recommended evaluation procedures for evaluating their coatings when ap-
plied to certain refractory metals of the sheet rolling program. The Sub~
panel has reviewed this progress and recommended further studies for sponsor+
ship (Ref. 18).

The Subpanel has repeatedly emphaszized that a major problem with coat-

ings is the interaction upon the properties of the base metal (with the
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effect usually detrimental). The coating must be tailored to the base
metal composition (and vice versa) the coated refractory metal should be

treated as a2 new composite material.

It is recommended that this cocrdinated coating activity continue

beyond the lifetime of the main panel,

Tubing

In the judgment of the Panel, one of the more important product forms
for the use of refractory mectals will be that of tubing. Of particular
significance is that the characteristics required of a material for righ-
quality tubing are those of a material for high-quality sheet. The sheet
program hags attempted to identify and to develop those refractory metal
compositions having tue uighest strength concomitant with a capability of
being formed into high-quality sheeting. Compositions capable cf being
formed into high-quality sheeting are also the best candidates for fabri-
cation into high-quality tubing. For space power systems, the tubing
should be weldable and should be ductile after welding. These same require-
ments were imposed upon tantalum and columbium alloys in this sheet rolling
program, Finally, the high-strength tantalum and columbium alloys contain
zirconium or hafnium., It has been fourZ that these same additions provide
resistance to corrosion by alkali metals proposed for Rankine systems,
Thus, the alloys of the shezt program are being investigated for high-
strength refractory metal tubing. In many of the applications for tubing,
e.g., Rankine and Brayton cycle space puver systems, coatings will not be

required.

The Tubing Subpanel has publiched a state~of-the-art review covering,
for tubing: requirements, methods of manufacture and our capability in
manufacture, methods of nondestructive testing for small-diameter thin-

wall tubing, and experience in production of such tubing from refractory




metal aliuvys ¢f iaterest., (Ref, 19). Based upon the state-of~the-art re-
view, specific recommendations are offered for future research and develcp-

ment,

It is recormended that the Tubing Suhpanel activity continue beyond

the life of the main panel.
Ad Hoc Infadb

Although operations in Infab kad been carried on since 1961, uncer-
tainty existed as to the actual inertness of the atmosphere, and the metal
processing functions which the facility might best perform, Because of
the possible importance in molyhdenum alloy sheet production, an ad hoc
committee reviewed the probiem., A specific program tv measure contamina-
tion was recommended., Two reports of tha Subpanel discussed technical and

economic advantages of processing in Infab.
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Introspection

Because this operation may be imitated in tine future, it is important
to review the method of operation in rotrospeci, while the experience 1is
still fresh, to illuminate the shortcomings and difficulties as well as
the good features. As pointed out in the scctior "General Program Achieve-
ments", the industry developcd the capability of making sheet of the re=~
quired quality of the needed 2lloys with minimized duplication and within
a relatively short period of time, This measure would indicate that the
operation, as a whole, was a success. Though the program is not complete,
the objectives are being accemplished, Favorable comment can be made
about the operaticon from the point of view of flexibility, the manner in
which it was not tied to a weapon system, or to a service, the manner in
which producers and users were brought together, aand to the effectiveness
in which the requirements for refractory metals and the ftarget properties
were publicized, The operation also was quite economic in that coordina-
tion between services was excellent. The outstanding manner in which the
Phase I1II Subpanel heliped the fabrication contractors in clarifying and
maintaining the primary objectives is an example of the operation at its
best, It is the Panel's opinion there should be no hesitance about recom-
mending this type of operation in the future where an important class of
materials will be needed, where the technical problems are severe, where
interaction between prodiu.er and user is important, and wnere the time

scale for development must be compressed.

The general format used (originally developed for the titanium sheet
rolling program) is deemed to be sound and important to success. This
format consists of 1) setting targets for alloy selection based upon a
consideration of requirements and potential capability; 2) selection of
ali vs, from all candidates offered, for scaleup development; 3) providing
technical guidance for the three phases (development of production capa-
bility, design data, and evaluation of fabricability), and 4) continuous

review of contracted programs to insure compliance with objectives.
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Ti2re were, liowever, some problems and shortcomings. he criticisms
relace more o operating details within the forma* and ot 2 quarrel with

tie format, Specific comments follow:

Success in Gaging Requirements

The point is made in another part of this repert that frequent digcus-
sions covering rz{ractory wmetai she:t requirements were held. At an early
stage, a Table of Alloy Target Properties was issued, based in part on an-
ticipated requirements., The impression may have been given that an accurate
estimate of quantity requirements was at hand. Our very preoccupation with
the problem may have led some producers to assume that a substantial market
was present or imminent. This estimation of technical requirements should
not be confused with an estimate of a market. It is possible that a con-
fusion of this kind did occur on the part of some producers. While the
Fanel cannot be blamed for promising a market, possibly they should have
done more in differentiating between technical requirements and quantity
requirements., Looking back, it appears that the property targets estab-
lished five years ago as required and attainable were a remarkably good

projection,

Phase 1

Coordination and Monitoring

Phase I involved development and documentation of a production
practice for high~quality sheet of the selected alloys and as such was the
cornerstone of the contractor programs. At the beginning, the Panel spent
an inordinate amount of time going over the details of performance of Phase
I contractors, It was learned that it is imperative to induce the contrac-
tors to confine their presentation to the major problem areas. Being in-
volved in the details of their problems, a few contractors tended to pre-

sent every such detail to the Panel, inundating them in tables and charts,
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The very variety of difficulties which the contractors got into led the

Fanel to spend more time on this phase than was warranted.

The preoccupation with reviewing contractor performance in detail,
however, was not mereiy due to curiosity. It is important that the major
probiems be identified and attacked, but it is not always obvious in advance
what these major problems will be. Many difficulties arise only after work
is well underway., The time spent with contractors, therefore, was a direct
outcome of the recognition of unexpected roadblocks, for which recommended
courses of action were needed. Some examples of these, from the early years

of the program are:

The unsatisfactory alloying of molybdenum in powder metal-
lurgy processing. Program returned to a research phese,

Problems with utilizing Infab, including limitations of
impactor capacity, feeding into rolls of the mill, and
initial uncertainties in measuring the contaminants in
the atmosphere.

The difficulty in flattening roil-formed tungscen cylinders
to make sheet.

Twe alternatives are possible:

Assign specific Panel members responsibility for certain
contracts and ask them to report (along with the contractors)

to the main panel, This has been tried recently with only
modest success,

Provide a small guidance group for the Phase I contract

program in the same manner as was 8o successful for Phase III
activities, This is the preferred solution,

Investigavion of Process Variables

The mechanical properties of refructory metzls are influenced
greatly by ccld work and by dispersed-phase chemistry and morphology which

are controlled by processing variables. Clearly the control of processing




variables controls quslity ard reproducibility. This was the basis for the
Phase I programs and studies were conducted as necessary to develop the
needed quality. It is thought that more effort by trained "researchers’

to explore tiis opportunity earlier in the program would have oroduced ad-

ditional knowledge that could have been factored into the program.

Scope

Early in the program, the Panel became involved in review of
"research-type'' contracts seeking new methods of purifying refractory me-
tals, It soon became obvious that results of such research, even if suc-
cessful, could not be reduced to practice within the time scope of the pro-
gram, Such diversions should be avoided in a development program such as
this,

Improvement of ''Statement of Work' for Contracts

The "monitoring'" of contracts was made considerably more cumbersome
because the work statementg occasionally did not conform to what the Panel
felt should be done, usually as a result of difficulties in timing (the
long~time cycle in agency procurement had required initiation of contracts
prior to Panel consideration). Nearly always the Panel was faced with a
fait accompli, ofter with contracts on which the work was well underway.
The agency contract manager was always receptive and responsive to the rece-
omuendations of the Panel; but it was generally difficult, and sometimes
impossible, to correct situations when they became apparent because of the
contract wording by which tﬁe contractor was committed to other tasks.
Strong expressions of dissatisfaction with this situation were made as
early as the August 1960 meeting. In the future, every effort should be
made to have the recommendations of the Panel prior to initiating the re-

quests for proposals.
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Panel Membership

Contract review may have worked out better had representatives of pro-
d:icers been on the Panel. The philosophy adopted was to assembla a group
of design and metallurgical experts from airframe and pcwer plant companies,
aud from individuals with competence in powder metallurgy and forging, as
well as non-industrial metallurgists. No one from among the producers of
refractory metal gheet was included. It was felt that sufficient compe-
tence on production problems was present, and that to ask one producer o
review the work of another would have been an intolerable situation. After
about a year, a regular practice was adopted of inviting (usually two) pro-
ducer repregentatives to attend the regular meetings as guests. Many who
did so were outspoken and helpful in the discussions, but naturally had no
vote. The practice worked out satisfactorily, and was probably a reasonable

compromise solution.
Timing

It was naturally difficult to keep the output of the subpanels and
other assisting groups, such as the AMRA Evaluation Laboratory, abreast
with the main panel, Standardized test procedures and analytical methods
were needed from the very stert, but these tasks generally took a few years
to accomplish, The full effectiveness of the AMRA Laboratory was not
achieved, because generally the selection from competing candidate alioy.
became mandatory before the AMRA tests cculd be completed, While the out-
puts of the subsidiary groups were occasionally 'late", the products were

reliable without exception, and no essential task was overlooked.

Time Schedule

A" *hough an initial formal schedule had not been planned, this pro-
grar has not adhered to the time schedule envisioned by its sponsors at
the program initiation. Although most delays were the results of con-
tractors' technical problems, some delays could have been avoided by in-

creased emphasis on timing and by '"pressure" from the Panel.
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Concluding Remarks

This activity nominally has been a coordinated effort to achieve high
quality refractory metal alloys in one product form, flat sheet. Because
these same alloys are of interest for forging and tubing forms and because
consolidatior and ingot brzakdown studied for aheet are prerequisites of
all wrought forms, it can be said there has been considerable spin-off that

has aided these other product forms.

The accomplishments were results of coordination among the military,
the consumers, the fabricators, and the metal producers who became ac-~
quainted with each other's problems. Requirements were well publicizad.
The Services cooperated with each other to a high degree. Most important,
the effort was focused, Only a few carefully chosen alloys were selected
for development; only a limited number of the most important properties
were measured, but in a way to permit needed comparisons, and a real ef-
fort was made to avoid unkncwn or unneeded duplication. Certainly the
Government saved much money and time because of this selectivity and co-
ordination. As a regult there now exists a production base that can turn

out a quality product. This was the prime objective of the program.

It would be difficult to say with conviction that the job is finished.
The major objectives have been met but the Panel has recommended a modified
Phase 1 and Phase 11 activity for several materials {see Table 4) that
remains to be implemented. The Panel has recommended that specific respon-
sibility be assigned for collection and dissemination of such information
beyond the formal lifetime of the Panel.

Major benefits were devived by the focusing upon objectives, by
narrowing the list of alloys for suppnort, by getting people tcgether to

reveal and attach common problems, Ia an area such as high-strength
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refractory metals, where the costs of the produci and of development are
high, the market small, and where the Governwment in the end is the major
consumer, it seems imperative that the production industry and the consumer

continue to get together in some working forum to provide mutual guidance.

Thke recently completed studies of the MAB Aerospace Applications
Requirements Panel (Ref. 3) outiined requirements for all materials for
propulsion systems (turbo jet, turborocket, turboramjet, ramjet, liquid
rocket, solid rocket, and electrical propulsion) and vehicle systems in-
tended for operational capability in 1970, They reviewed devices, com-
ponents, operational and enviroumental regime of components, and looked
at faorication requirements. For the propulsion systems alone they
specified four sheet and plate requirements, thres tubing requirements,
three forging requirements, four coating requirements, and two thermionic
device requirements for refractory metals, In reviewing fabrication re-
quirements, it was found that 18 of 44 were due to the use of refractory
metals, It was concluded that refractory matzls will be a pacing item,
The report broke down the problems of priority and came up with seven
items on refractory metals in priority I, By identifying requirements
so that orderly alloying and process development can proceed, it should

be possible to avoid an expensive, inefficient crash program later,

In the Table, the Panel has not recommended further work in high-
strength tungsten and molybdenum, This is because requirements were not
specific enough to justify production development at this time, The AARP

report suggests that such material will be a firm requirement soon,

Ductile tungsten alloys containing about 5 per cent rhenium recently
have been reviewed by the Alloy Requirements and Selection Subpanel. It
was recommende( that additional laboratory optimization be conducted, and
that a selected alloy or allovs be scaled up at ieast to the pilot level

for demonstration of feasibility and determination of property data.




-1‘,3-

Some have proposed that whereas the Sheet Rolling Panel has concerned

itself with bringing along process development of the required sheet, the

Panel or future activity should concern itself with R&DL in refractory
metals as well. If a "working forum" concept for future activities in
refractory metals can be developed, a2 forum where less time-consuming
concern with contractor problems can be displayed, more attention to
selected applied materials reseavch and process development would seem

proper and necessary.

The Panel clearly sees an immediate need for refractory metal tubing
of the same ailoys of columbfum and tantalum endorsed in the sheet program,
This coordinated activity should continue ~-- the preferred method is to

continue the Tubing Subpanel.

Coatings of the refractory metals ara the key to successful application
of refractory metals in many propulsion and vehicle systems, The Coating
Subpanel has established testing standards and is now evaluating specific
coatings in several temperature-time spectrums. A coordinated approach in
this area has been a major need for years. It is recommended that this

activity also continue,

Specific recommendat sns are summarized at the beginning of this

document,
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TABLE 5

Publications.of
The Refractory Metals Sheet Rolling Panel

Title

164-M (1-20) Progress Reports of the RMSRP

171-M
172-M

176-M

178-M

i79-M

181-M
184-M

188-M
189-M

190-M
192-M

196-M

201-M

208-M
210-M

212-M

216-M

Joining of Refractory Sheet Metals

Report of Activities of Refractory Metals Sheet
Rolling Panel, Superseded by 188-M

Evaluation Test Methods for Refractory Metal
Sheet Materials, Superseded by 192-M

Report of the Subpanel on Analytical Techniques
Refractory Metals Sheet Rolling Program

Report of the Subpanel on Consolidation and
Fabrication, RMSRP

Report of Subpanel on Coatings, KMSRP

Report of Subpanel on Quality Specificationms
RMSRP

Status of Refractery Metals Sheet Rolling Fanel

Evaluation Procedures for Screening Coated
Refractory Metal Sheet

Quality Sampling Specification for Tungsten Plate

Evaluation Test Methods for Refrac.ory Metal
Sheet Matevials, Superseded by 216-M

Recommended Quality Standards for Tungsten
Sheet Produced in the Refractory Metals Sheet
Rolling Program

Procedures for Evaluating Coated Refractory
Metal Sheet, Supersedes MAB-189-M

Status of Refractory Alloy Tubing - 1964

Coating Technology =~ 1965, Oxidation-Pesistant
Coatings for Refractory Metals-

Final Report -~ Refractory Metals Sheet Rolling
Panel

Evaluation Test Methods for Refractory Metal
Sheet Material, Supersedes 192-M

3/20/61

5/22/61

9/6/61

11/15/61

13/1/61
6/1/62

6/8/62
12/1/62

2/15/63
3/15/63

4/22/63

1/22z/64

8/10/64
8/16/65

11/65

3/66

11/65



A

TABLE 5 (continued)

Publications of

The Refractory tfetals Sheet Rolling Panel

No. Title Date
217-M Cooperative Analysis Program on Refractory Metal

Alloys 2/66
99-LM Processing of Materials in INFAB 3720/63
100-LM Final Report of the Ad Hoc Infab Subpanel

Refractocy Metals Sheet Rolling Panel 3/26/65
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Alloy Requirements & Selection Subpanel

Cb jectives

The duties assigned to the Alloy Requirements & Selection Subfanel
were the following:

l. To dctermine the technical requirements for refractory metal
sheet alloys in advanced defense and space systems,

2. To establish the state-of~the-art capabilities for refractory
metal alloys,

3. To establish target properties which would be both achievable
over the state of the art and also represent a sufficient advance
to warrant the development effort within the program time frame,

4, To establish minimum development status to qualify a new alloy
as a candidate for developmental support,

5. To review candidate alloys and recommend selected candidates for
tie sheet rolling program,

6. To follow changes in defense and space requirements and state-
of-the~art alloy development and recommend modifications of and
supplement to the sheet rolling program as needed,

Accompiishments

State of the Art

A meeting with producers of refractory metals at the outset of

the program, December 1959, revealed that there were many more producers

than the market warranted, alloy development was advanced only for molyb-

denum alloys, and strong production of large, thin-gage, aircraft-quality

sheet of alloys was nonexistent. However, the energy and enthusiasm of

the refractory metal pr- ducers, and their professed intentions to invest

in major eguipment to produce high~quality sheet products and alloy




development programs suggested to the ARS Subpanel that substantial im-

provements in the state of the art could reasonably be expected.

Requirements

Reviews of present and proiected requirements for refractcry
metals in aerospace applications indicated that the projected requirements
were much greater than present ones. The projected requirements depended
upon authorizations of future aerospace systems, which were not firm,
Present requirements were for systems that did not require large quantities
of refractory metal sheet. The only requirement for refractory metal al-
loy sheet was in re-entry systems, where quality and fabricability weve
somewhat more important than strength at elevated temperature. A projected
requirement for large tungsten sheets for liners im solid propellent rocket
nozzles did not materialize because of technical difficulties. Thus, it
was apparent that estzblishment of a capability for producing qualicy,
high-strength, large-size, thin-gage slieet would be useful chiefly as a

standby for future aerospace requirements,

Target Properties

Seven classes of refractory metal sheet were estatlisied: fabri-
cable and high-strength classes for molybdenum, coiumbium, and tungsten,
and a combined high-strength fabricable class for tantalum. Target prop-
erties were set up for each class and circulates to the producers and
development laboratories. These served as a uniform basis for presenta-
tion of alloy candidates for consideration in thz sheet rolling program.
Perhaps more importantly, the refractory metal target properties provided
guidelines for alloy development. The exchange of property information
on candidates provided comparative information upon which alloys under
development might be evaluated. The fact that the RMSRP alloy targets
were substantially met by alloy candidates during the existence of the
program may have been as much the result of the existence of the targets

themselves as of the alloy development effort,

’




Recommendations of Alloys

The following alloys were recommerded to be supported unaer the sheet

rolling program:

Fab, Mo: Mo~0.5Ti=-0.8Zr(TZM)
Rab, Cb: Cb-27Ta-10W-1Zr (FS-85)
Fab. Cb: Cb-5Mo-5V-12r(B-66)"
Fab. Cb: Cb-104-12r-0.1¢(D-43)""
Ta: Ta-9,6W-2,.40£-0,01C(T-222)
W: jee below
*Pilot-scale program **ﬁndorsement of Air Force support

In addition to the above recommendations, the RMSRP guided sheet rolling
programs on powder metallurgy and arc-cast tungsten sheet, Cb-10W-2,5Zr
(Cb=752), Cb-15W-5Mo-1Zr(F-48), and Cb-10Mo-19Ti(D-31). The Alloy Re-
quirements and Selection Subpanel was not involved in recommending these
compositions for the program. They endorsed the tungsten programs, but
did not endorse F-48 or D-31,

A review of ductile tungsten alloys in July 1965, indicated that
there were some alloys at the laboratory stage of development., These al-
loys were recommended for continued development in sheet form, at least

to the pilot level.

A comparison of the Subpanel targets with the properties of the
selected alloys as presented by the producer is given in Table 6., The
dates li..ed under the alloy composition refer to the date of the presen-

tation, Data on other candidates are given in the Appendix,

Recommendations to be Implemented (See Appendix)

Molybdenum

The Climax TZC alloy should be considered as a candidate for pre-
production sheet rolling when the requirements for high-strength molybdenum
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warrant, At the same time, Sylvania TZM alloy prawduced by powder metallurgy
should be considered, since it has properties vomparable to those of arc-
cast TZC.

£alumbium

The Fansteel F$-85 alloy (Cb-27Ta-10W-1Zr) and the duPont D-43
{Cb~10W-12r~0.1C) alloy were considered to be the two outstanding colum-
bium allny candidates, and both should be suppnrted by production sheet
rolling programs, Specifically, an evaluation-type sheet rolling program
on F$~-85 was recommended to the Navy (December 13, 1963) with sufficient
material to be produced according to Fanste¢l's cptimum schedule to the
MAB quality specification for Phase I (Evaluation and Peproducibility
Demonstration), Phase ITI (Design Criteria), and Phase III (Component
Fabrication).

Tantalum

The GE=-473 alloy (T2-7W-3Re) and the Westinghouse T-222 alloy
(Ta-10W-2,54£-0.01C) were idzatified as the two outstanding tantalum al-
loys so far developed., Because of no present or known future requirement
for high-strength tantalum sheet, no recommendations for support were made.
When and if such requirements appear, consideration should be given to
sheet rolling programs on both alloys. (Note: The main panel recommended

a "modest" sheet rolling program on T-222 and GE-473.)

Tungsten

Advanced tungsten alloys of both the high-strength and ductile
classes have shown exceptional promise, After additional laboratory op-
timization has been completed, a selected tungsten alloy or alloys should
be scalec up at least to the pilot level for demonstration of feasibility

and determination of design data,
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Analysis Methods Subpanel

introduction

The task of the Analysis Methods Subpanel was to determine whether
the precision znd repeatability of chemical analysis of the refractory
metals and alloys with existing tecnniques was satisfactory for the pur-
poses of the Shkeet Rolling Program, tr, ascertain the existence and nature
of problems in analysis of these alloys, and to recommend courses of action
to remedy such problems. As a first step, a review of cooperative analyt~
ical studies and government-sponsored research was conducted in 1961, as
well as a survey of the experience of producers, users, and interested
government agzencies in analysis of refractory metals, in order to deter-
mine the state of tne art, and identify problem areas in analysis. These
studies, which are reported in detail in MAB-178-M, November 15, 1961,

led to the following conclusions:

1. Analyticul techniques for major alloying constituents in
Li.c refractory metals were probably adequate. However,
this fact needed to be confirmed by interlaboratory coop-
erative programs on selected alloys. The main problem area
in analysis was the determination of the intersiltial
elements oxygen, nitrogen, carbon, and hydrogen at low

levels,

2. There was a great need for standard or reference samples
of refractory metals and alloys to permit interested

orzanizations to check their analyti:al methods.

3. Several interlaboratory comparison programs under way, or
planned, were concerned with analytical techniques for un-
alloyed tungsten, tantalum, molybdenum, and columbium, but

no similar activity for alloys existed. Therefore, the




Refractory Metals Sheet Rolling Panel should institute coop-
erative pregrams on specific alloys of interest to it, in-
cluding analysis for both major alloying constituents and

impurities.

4.  An agency such as the Defense Metzls Information Center, or
the National Bureau of Standards, should be appointed as a
clearing house for the collection and dissemination of in=-
formaticn on he availability of standard samples, status

of cooperative programs, validated methods of analysis, etc.,

for reiracte y metals,
5. Further government support was justified for research which
might lead to new methods for determination of low levels of

the interstitial elements in refractory metale and alloys.

laterlaborator, Comparisorn Program

A. Prevarction of Reference Alloys

It was clear that an interlaboratory comparison program was es-
sential in order to ascertain the precise degree of agreement which was
being achieved among laboratories in analysis of refractory alloys, define
more specifically the problems in analysis, and improve the levels of agree-
ment. Therefore, a cooperative program was initiated in 1962, The National
Bureau of Standarcs at that time was not in a position to furnish refercnce
materials. Consequently, the Albany Metallurgy Research Center of the Bu-
reau of Mines, under contract with the Bureau of Naval Weapons, was assigned
in 1962 to prepare highly uniform samples of unalloyed W, T-111, TZM, and
FS-85 to serve as referunce materials representing alloys of the four major
refractory metals. Details of the preparation and characterization of the

reference alloys are given in the Albany Metallurgy Research Center Final
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Renort USBM-U-116U, February 10, 1964, as well as DMIC Report No. 220*.
Approxiwately 25 pounds of 1/4" diameter rod and 25 pounds of machined
chips of W (rod only), T-111, TZM, and F$-85 were prepared and analyzed.
Tue alloys are all of nominal composition with the residual interstitials

at the lower end of the spectrum of levels occuring in practice.

B. Round Robin Testing

Early in 1964, the first round robin analysis of the reference
materials was organized with 25 laboratories participating, including the
analytical laboratories of all the organizations directly involved in the
Refractory Metals Sheet Rolling Program. This round robin, completed in
August 1964, confirmed an adequate degree of interlaboratory apreement in
analysis for the major élloying constituents, with the possible exception
of Zr in FS-35, and much poorer agreement in analysis for C, 0, N, and H
in most alloys. A second round robin for the interstitial elements was
then decvided upon with more closely specified procedures, and finzlly a
third for ox_sen along in F$-85 and TZM, the latter particularly to confirm
the homogeneity of the reference materials. Im addition, samples were is-
sued to a number of laboratories for analysis of interstitials by mass
spectrc..etry., Details of the procedures and results of these operations
are reported in MAB Report 217-M and in DMIC Report 220*. A sumnary of
the results and conclusions from the round robins is presented in the

. . kR
following section

c. Conclusions from Round Robin Testing

1. The level of agreement amonz most laboratories with existing
nrocedures foo «wajor alloying constituents is adequate for practical pur-
poses, except possibly for Zr in FS-85, where a coefficient of variation

of 10% at the 1.07% level is racher high., (Part of this variation may be

*

"Comparison of Cheuical Analysis of Refractory Alloys" by D. L. Chase
kk

Mass spectrouieter results were not yet available at the tiwme of writing.
These will be collected by D. L. Chase of DMIC.
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due to inhomogeneity in the reference material. See Report MAB-217-M.).
Average compositions, standard deviations and coefficiente of variation
are given below, Methods used include X-ray spectroscopic, emission

spectroscopic, and wet chemical methods,

FS-85 . TZM T-111
Ta W z= T z= B W
Average (%) 27.67 101} 0,92  0.50  0.089 1.75 7.88
std. Dev. (%) 0.67 0.22  0.092 0.013 0.0955 0.09 0.21
Coef. Var. (%) 2.4 2,2 10,0 2.6 6.2 5.1 2.7

2. With only little standardization of procedures, most labora-
torias can agree within reasonable limits in the determination of C and H
in refractory metals, even at quite low levels, using existing techniques.
A summary of the round robin data for the interstitials is given in the
table below. The results for C and H tall on or near the C. V. goal line,
meaning that far these elements at 10C ppm the achiaved coefficient of
variation among laboratories is 10%; at 10 ppm 20%; and at 1 ppm (for H)

4O%. This level of agreement is considered to be ratisfactory for almost
all purposes.

— Carbon Uxvygen
¥ T-111 FS=85 TIZM W T-111 FS-85 TIM
Avg. {ppm) 9.1 17 10 230 7.3 14 68 7.1
Std. Bev. (ppm) 2.1z 2,82 2.74 16 3.42 3,85 11.5 2,44

Coef. of Var. (%) 23.4 16.6 27.4 6.9 4€.9 26,9 16.9 34,4

Nitrogen Hydrogen
Avg, (ppm) 6.3 18 43 16 0.47 24 1.3 0.49
Std. Dev, (ppm) 4.09 6.25 5.8% 4425 0.30 5.81 0.51 0,28
Coef. of Var., (%) 65.0 34,7 13,6 26.6 63.9 24,2 39.2 57.2

3. Interlaboratory agreement in the determination of low ievels

of 0 and N with ecxisting techniques and equirment is much less catisfactory
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than for C and H, out probably adequate fcr most practical purposes. At

10 ppm, the achieved coefficient of variation is about 40%, or twice the
desired variation. The methods in use for the determination of O and N

are inherently capable of the desired sensitivity. Reasons for lack of
agreement reside in the details of the analytical procedures. At low levels
of 0, the surface oxide on gpecimens leads to high results. The auwount of
surface oxide present will vary widely with minor changes in surface prep-
aration. A second likely cause for lack of agreement in O analysis is high
and variable vacuum or inert gas fusion blanks in some laboratories. On
the encouraging side, agreement between neutron activation and vacuum or
inert gas fusion results for 0 is reasonably good, lending confidence in

the basic accuracy of the fusion methods.

The method of sample dissolution is an important source of
error in the determination of N. Excessive time required to take samples
into solution leads to contamination from the a2tmosphere. Refractory ni=-
trides, such as ZrN, which occur in many of these alloys, may be difficult
to dissolve completely. Once the sample is in solution, the isolation and

measurement of N can be easily and accurately accomplished.

Recomueendations for Future Work

The principal recommendatjons for future work are concerned with anal-
ysis for O and N at low levels., While some dis~—epancies among laboratories
might be resolved by a continued testing program entailing a close scrutiny
of all steps in the analysis, more importance is attached to further research
on analytical methods. Continued research to improve the precision of the
vacuum and inert gas fusion methods for levels of oxygen and nitrogen below
20 ppm is recommended. Attention should be given to reducing the O content
of the blank as well as to establishing optimum sample and bath sizes for
precision at low levels, In particular, it would be desirable to explore
the determination of 0 in low-oxygen materials by hard gama irradiation.

which produces 015. (Oxygen 15 decays with a half-life of 2.1 minutes

which permits cleaning of the surface before counting, and thus allows
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determination of the core oxygen without interference from adventitious

surface oxide.)

Methods that assure the complete and rapid sciution of bulk samples
for nitrogen determination need to be developed and proven. Special at-
tention must be given to the disposition of refractory nitrides in alloys

and their influence upon the accuracy of chemical analysis.

Future Disposition of Reference Materials

Cne of the goals of the Subpanel was to prepare and have available for
distribution a number of reference materials which could be used in the
future by interested organizations to check their analysis methods. Re-
maining quantities of the four zlloys used in the round robins have been
turned over to the National Bureau of Standards for this purpose. NBS has
agreed to announce the availability of these reference materials through
its standard media and i3sue samples to qualified requesting laboratories,
with a copy of DMIC Report No. 220, Data obtained by groups requesting
samples will be repcrted to NBS and the Bureau will issue an annual report
for a period of at least two years.
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Coating Subpanel

Introduction

The Subpanel on Coating of the Refractory Metals Sheet Rolling Panel
was established in 1960 for the purpose of reviewing and coordinating
coating development programs and to make recommendations concerning coat-
ings for the sheet alloys of molybdenum, columbium, tantalum, and tungsten,
which are of interest to the Sheet Rclling Program. While the applications
of refractory metals will involve many types of environments, the Subpanel
decided to concentrate its efforts on oxidation resistant coatings for use

in air atmospheres,

Early in the Subpanel's deliberations, it became apparent that coat-
ings could not be discussed apart from the metal substrate. Coated re-
fractory metal systems must be optimized and evaluated for specific ap-
plications. 1In this xeport a coated refractory metal system is defined
as a composite material involving a coating of a particular composition

on a specific metal substrate applied by a specified process.

The results of the Subpanel's initial review of the state of the art
and its recommendations for coatings research development were tabulated,
analyzed, and published in 1962 in Report MAB-181-M. In order to evaluate
and recommend development and scale-up of specific coating systems for the
sheet rolling program on the basis of significant and uniform prooerty
measurements, it was found necessary to formulate criteria for the evalaua-
tion of coated refractory metal. The Subpanel then proceeded to solicit
and collate proprietary evaluation procedures from a dozen coating vendors
and users. These procedures were also correlated with those developed by
the Subpanel on Standardization of Test Methods of the Refractory Metals
Sheet Rolling Panel, published in Report MAB-192-M. 1In 1963, the Subpanel
on Coating published its "Evaluation Procedures for Screening Coated Re-
fractory Metal Sheet" in Report MAB-189-M. 1Industrial acceptance and ex-

perience led to a refinement of these procedures and the development of
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more advanced tests whicn appeared in 1964 in Report MAB-201-M, "Procedures
for Evaluating Coated Refractory Matal Sheet". Although these test proce-
dures were devised primarily to enable the Subpanel to evaluate and compare
coating systems, they have alsc been accepted by many i{n the industry as
standard tests, thereby tentatively satisfying an important need.

Sufficient time has not elapsed since the introduction of its test
procedures and issuance of a final report to enable the Subpanel to make a
_comparative evaluation of all available coated refractory metal systems.
However, because the Refractory Metals Sheet Rolling Panel is terminating
its activities in 1965, the Coating Subpanel recently conducted its final
review and evaluation of the state of the art of coating systems., The re-
sults of this review and recommendations for future coating activities are
presented in Report MAB-210-M, "Coated Refractory Metal Technology = 1965",

The purpose o>f this summary report is to 1) briefly recount the Sub-
panel's activities, 2) summarize the state of the art, and 3) make recome

mendations for future coatings research and development.

State of the Art

It can now be concluded that a technology exists to coat columbium
and molybdenum for short-time oxidizing applications where temperatures
are as high as 2800° and 3000°F, and for substantially longer times :/c
lower temperatures. Several promising developments are being pursued Zor
tantalum and tungsten. Disilicides of the four refractory metals, applied
by diffusion of silicon into the metal surface with such modifiers as Al,
Cr, Ti, 3, V, or the refractory metals themselves, currently represent the
basis of most coatings. Aluminides offer thz only practical alternative
to the silicides, but are primarily used on columbium and tantalum alloys.
The silicides are generally superior in performance to the aluminides, but
the latter have been favored for fabricated hardware vhere slurry techni-

ques have the advantages of simplicity and impose fewer restrictions on

component design,
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Aside .icn siiicides and oxides, other refractory materials may be
considered as candidate coating materials. Recent work has indicated that
certain alloys of refractc.y metals possess sufficient oxidation resistance
to be considered as candidate coating materials, Hafnium-tantalum alloys
have been studied which show promising oxidation resistance at temperatures

o
in excess of 3500 F.

In addition to the slurry techniques, pack cementation and the fluid-
ized bed represent the most commonly used processes for production of coated
refractory metal components. A review of the state of the art of this tech-
nology indicates that coating systems being used today can be best described
as first generation. The full potential of available coating materials
has not been achieved. A greater emphasis on processing should add great
improvements in reliability, reproducibility, and end-use practicability.

Slurry-diffusion techniques may meet these goals.

An important conclusion that cannot be over-emphasized is that a coat-
ing system must be selected and optimized for each alloy, component design,
and the mission it is to perform. Optimi:.:d coated refractory metal sys-
tems will be produced only when there is a simultaneous integration of an

alloy, component design, manufacturing sequence and coating system.

In order to minimize the expensive and destructive evaluation of
coated hardware, a great need exists for non-destructive testing techni-
ques. Current techniques are not adequate. Development of such inspec-

tion procedures is under way, but more effort must be undertaken.

In regard to the properties of coated refractory metals, the following

conclusions reflect the state of the art:

1. Coated refractory metal will almost always exhibit a degradation
in mechanical properties as compared to uncoated material when

before-coating dimensions are used in the comparison,
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A given coating composition and associated coating process can
be modified to minimize the detrimental effect of the coating on

the mechanical properties nf a given allcy.

A given coating system can have appreciably different effects on
the different refractory metals. No single coating chemistry or
applicacion process can be selected as the best availablza coating

for all or even the majority of applicationmns.

The oxidation protective life of coatings for refractory metals
is significantly affected by alloy, temperature, pressure,
temperature-time profile, strain and coating thickness. The ef-
fects of these influencing parameters are interdeperdent upon
each other and all parameters will usually be present simultane-~

ously in any given application of coated refractory metal,

The minimum coating life is considerably less than the average
coating life at any given temperature if a statistically signifi-
cant number of specimens is tested. The early coating failures
are "defect failures" and the probability of a serious defect
increases with increasing surface area and linear inches of edge
(or increased number of specimens). Thus, the probable life of
coated hardware 13 much less than the average life of coated

coupons,

The use of current state-of-the=-art coatings on refractory metal

foils of less than ten mils thickness appears to be impractical.

most significant shortcomings of the state-of-the-art coatings

Lack of reliable oxidation protection on hardware particularly

at edges.

The increase in the ductile-to-brittle transition temperature

due to coating.

Insufficient life at reduced pressure (below about 10 mm Hg)

and high temperature (above 2500°F) in oxidizing atmospheres.
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Pinally, the review of the state of the art of coating technology has
indicated that very few examinations have been made of diffusion effects,
microstructure, and phase compositions and their relationship to mechanisms
of coating protection or failure. The thermcdynamics and kinetics of dif-

fusion are closely related to coating life.

Each of the refractory metals systems has its own advantages and

disadvantages, Conclusiors pertinent to each follow:
Columbium

The foregoing statements apply equally to all the columbium alloys
emphasized by the Refractory Metals Sheet Rolling Panel. There are more
coated columbium alloy systems available today than there are for the
other refractory metals., Coating chemistry is better understood for col-
umbium and, therefore, mure coating types are available. The favorable
mechanical properties of columbium, such as low brittle-ductile transition
temperature, weldability, and shop handling characteristics make columbium
of greater interest to the industry. Columbium components requiring coat~
ing will tend to be larger and more complex than components of molybdenum
due to the greater ductility and weldability of columbium, There are cer-

tain disadvantages, however.

Weldments (TIG) in high-strength columbium alloys such as D=43,
F$-85, Cb~-752 may he brittl: at room temperature after coating.

Most columbium alloys, particularly the high-strength alloys,
undergo an elongation and bend ductility minimum between about 800° and
1800°F. When coated, the elongation and bend ductility may be substantially
reduced in this temperature range and within a very narrow temperature

range these properties may be zero.
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Molybdenum

Coated TZM and other molybdenﬁm alloys have strong competition
from the high-strength coated columbium alloys. Advantages for the coated
molybdenum alloys are their greater resistance to creep, better fatigue
life, and lower rate of failure propagation abeve 2700°F because no liquid
oxide forms to slag the coating. Disadvantages of coated TZM are the
delamination tendency, high ductile-to~brittle transition temperatures,
notch and strain-rate sensitivity, fusion weld embrittlement, and embrit-
tlement after recrystallization and grain growth., At the present time,
the very low and unpredictable ductility of coated TZM at room temperature

is the principal disadvantage in its use for components,
Tantalum

There are little data at this time for coated T-222 alloy. Coat-
ing technology for other tantalum alloys is in an early stage of develop-
ment., Available test data for the behavior of coated alloys are incomplete,
scarce, and often ambiguous., The best developed coatings are the modified
Sn=-Al and silicides. Their use is limited to temperatures up to approxi-
mately 3000°F in air at normal atmospheric pressure and to lower tempera-
tures at reduced pressures. These temperatures are usually not high
enough to utilize the desirable high temperature mechanical and thermal
capabilities of tantalum alloys. No suitable high temperature diffusion

barrier materials or concepts have been developed.

Modified Sn-Al coatings are presently favored over silicides for
use in air at atmospheric pressure, They are generally resistant to oxida-
tion at higher temperatures; possess better ductility and withstand greater

plastic deformation.
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Tungsten

The use of silicide coatings for the protection of tungsten is

reasonably well established, Marginal improvements may be expected in

this area, but coatings to be used at temperatures at which tungsten

promises most usefulness (35000-4000°F) cannot be clearly defined.

The use of oxide coatings appears to be the only reasonable

choice for the protection of tungsten in oxidizing environments at tempera-
tures in excess of 3500°F,

Recommendations

1.

3.

4.,

Currently available aluminides and gilicides ccating systems
for columbium and molybdenum should be further developed for
greater applicability, and reproducibility, directed at high
reliability particularly for hardware. The approach should

emphasize improvement of process control, inspection methods,

and elimination of defects particularly at edges.

Research should be conducted leading to new coating systems
for temperatures up to 3000°F, having high reliability on
hardware., The approach should emphasize mechanism of coating

failures and the role of coating composition and wmicrostructure.

The slurry and gas plating processes should be emphasized

over pack cementation and vacuum pack processes in new coating
developments,

New coating concepts should be identified and encouraged for
protecting tantalum and tungsten well beyond 3000°7. Basic
research is particularly needed here. For example, kinetics
of diffusion in pure and mixed oxide systems need to be
studied as well as in barrier materials, refractory alloys, and
inter-metallic systems. Progress, particularly in coatings for

tungsten and tantalum,is seriously being hampered because of a




3.

6.

8.

10.

11.

o7le

lack of knowledge in this area., Additional information is also
needed on mixed oxide-phase diagrams, free energies of all pos=-
sible reacticns in coating systems, mobility of anions and cations
in oxides, the defect structure of oxides, low temperature oxjda-
tion of pest phenomenon, and the high-temperature interactions of
coating materials and substrates. The capabilities and interests
of the universities should be utilized in these basic research

~reas,

A broader program for developing non-destructive testing tech-
niques should be undertaken, New techniques are required for
detecting and determining the detrimental influence of cracks,
compositional inhomogeneities, and variations in coating

thickness,

The development of new or modified coating systems should give
greater attention to attaining and stabilizing high emittance

values,

Uniform screening and meaningful simulated environmental tests
should be devised for the evaluation of coated systems for pro-

pulsion and power generation systems,

Lmprove ients in the compatibility of coatings and braze alloys
should be investigated.

Research should be conducted on the reasons for the increase of
the brittle-ductile transition temperature of coated alloys and
weldments over that of the uncoated alloys to find a method to

avoid the emurittlement;,

Research to improve the life of coating systems of reduced pres-

sures and temperatures above 2500°Flis needed.

Studies on th: re-use and re-furbishment of coated refractory
metal syste. s should be conducted. Such investigations should
include techniques of inspection after one or mcre use cycles

and coating repair,
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The memberg of the Goating Subpanel recommend that the Materials

fdvisory Board estatlish a new panel on oxidation resistant coat-

ings for refractory mszerials., The objectives of this panel

would be to:

(a)

(b)
(c)

(d)

(e)

()

Define the current end future applicaticns for coated high-
temperature superalloys, refractory metal alloys, and

graphite.
Define the performance requirements for these applications.

Formulate meaningful evaluation procedures with respect to
the requirements to assist in the development cf non-
destructive tests to disclose defective coatings. This is

a3 major curreant requirement,

Review the evaluation procedures of the current Coating Sub-
panel and either revise them to make them more meaningful
and acceptable, or make a strong recommendation to the DOD

that the established procedures be closely followed.

Continually review and advise on the technical value of
funded R&D programs on coatings, end make pertinent resom-

mendations regarding their future status.

Recommend new action by the DOD on the key technical prob-
lems of the state of the art,




ROSTER

REFRACTORY METALS SiEET ROLLING PANEL

SUEPANEL ON CONSQLIDATION AND PRCCESSING

Chairman: Dr. William Rostoker
Metalsz Division
11T Feo-crren Insticute
Chicaco, 1lllinois

Hembers

Dr. W. A. Buctofen

Associate Professor of Metallurgy
Massachusetts Institute of Technologyv
Canpridge, Massachusetts

bMr. R. A. Beall

Project Coordinai .r

Mclting Labocatory

U, S. Bureau of Mines, Region I
Albany, Oregon

[y

Protessor Morris E. Fine
Materials Research Center
The Technolcgical Institute
Northwestern University
Evanston, Illinois

Dr. H, K. Hausner
Consulting Metalliurgist
730 Fiftnh Avenue

New York, New York

Professer N. H. Polakowski
Professor of Mechanical Metallurgy
Illinois Institute of Technology
Chicago, Illinois

Staff Metallurgist: Dr. Joseph R. Lane




-74a

Consolidation and Processing Subpanel

Obje:tives

Many subpanels of the Refractory Metals Sheet Rolling Panel were
formed because of their importance to some facet of the overall problem--
Analysls or Test iethods, for instance. Recognition that consclidaticn and
processing were the heart of the problems involved in making high-quality
sheet reproducibly, and that the topics were too brorsd to be handled by
the main panel led to the establishment of this group. The Subpanel was
formed in February, 1961, and disbanded after a final meeting in July 1961.

The Subpanel was specifically asked to:

1. Exanine existing procedures used in manufacture and identify

problem areas resulting in poor quality and low recovery;

2, Explore possibilities for small and large modifications of
} erfsting practices which might lead to improvement in quality

and recovery;

3. Recommend areas of research and development, which present

judgment would indicate to be profitabie, for support by the
Department of Defense.

In addition to the six-man subpanel, numerous guests were invited to
participate in the discussion. These visitors were selected because of
their direct experience with the aspect being considered. The first meet-
ing was devoted to consolidation, the second to hot working, and the third
to cold working. In the discussion and the writing of the report, no at-
tempt was made to provide a cookbook-type solution tec the operations,
Rather, the problems were approached broadly so as to determine the factors
invoived which affected quality, as the products are now being made and as

they could be made under other circumstances,
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For the consolidation phase, both the pressing and hot sintering of
powder and the arc-casting route are routine commercial operations. The
value of modified procedures such as sintering over 2500°C or the casting
of slab-shaped ingots was discussed. Other conceivable metnods of consoli=-
dation discussed are centrifugally cast thick-walled tubes, subsequently
split and rolled, or shear formed to a thin-walled cylinder and then split
and flattened,

Both furnace capability, as well as a desire to avoid oxidation and
contamination, tend to restrict the temperature used for extrusion or
forging. Problems in lubrication and with die materials are additional
complicating factors. Nevertheless, higher temperatures may be needed,
especially when limited machine capacity 1s coupled with newer alloys with
high hot strength, The specific choices in hot breakdown are more closely
related to economic factors than technical ones; processes such as forging
which are appropriate for small orders are more aptAto be choscn at this

stage in commercial development.

Cold processing is emplcyed when possible because of avcidance of
contamination and because cf the relative ease of obtaining dimensional
control, In rolling, problems of gage control often reflect variations
established during hot working. For maximum corrective action, 4-high
cluster mills with frcnt and back tension are indicated. Due to small
orders and small-size sheets, relatively primative hand mils are apt to
be used. The report discusses the corrective grinding of sheet for gage
control and contamination removal. The problems of laminations and tex-

turing are also covered.

Assessment of Results

Following some broad recommendations (calling for government-supported
research on lubrication and on deformation) eight specific projects are
proposed, which could lead to improvements in quality ot"i?nomics of

refractory metal sheet,
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Briefly, these projects are:

W ~N NV S W N -

Evaluation of sintering tungsten billets above 2500‘%.
Expiloratisn of feasibility of producing slab-shaped cast ingots.
Examination of alternate rout»s for tube starting stock.
Exploration of new lubricants, and of lubricity.

Development of extrusion die materials.

Pilot production of sheet on o, .imum equipment.

Exploration of corrective machining of strip.

Correlation of mill processing, texture, and mechanical

properties.

In the three years since the report was issuéd, a number of programs

have been contracted by the Services consonant with the recormendations

in MAB-179M. These are {temized below.

1.

Siab - Shaped Billets
Project No: 8-1186
Contract No: AF33(657)-11294

Contractor: Oregon Metallurgical Corporation

OBJRCTIVE: The objective of Phase III of this program is to
develop a manufacturing process for casting Ta-30Cb-7.5V and
TZC (Mo-1.25Ti-0.152r-0.15C) fine-grained sheet bar suitable
for direct conversion into sheet. The 1" x 4" x 8" sheet bar

will be centrifugally cast.

Slab - Shaped Billets

Project No: 8-204
Contract No: AF33(615)-1393
Contractor: Union Carbide Corp., Stellite Division

OBJECTIVE: The objective of this program is the development of
a manufacturing process for converting Cb-752 cast slabs into

thin-gage sheet (0.020'") of uniform quality. The rolling
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practice and slab quality control necessary to produce close
tolerance, flat, Cb-752 sheet with reproducible mechanical and

metallurgical properties will be defined.

Ploturned Tungsten Sheet
Project No: 71-917
Contract No: AF33(600)-63034

Contractor: Wah Chang Corporation

CBJECTIVE: The objective of this program is to develop the
flotumning process to consistently produce large diameter
tungsten thin-wall tubing for slitting into sheet. Sheet
widths will be greater than 12", Diminishing requirements and
technical difficulties in obtaining a large mandrel at elevated

temperatures caused this prugram to be terminated.

Extrusion Die Development

Project No: 7-946
Contract No: AF33(657)-8798

Contractor: Nuclear Metals, Irnc.

OBJECTIVE: (a) To develop a satisfactory die design for hot
extruding of refractory metals embodying the usz of a tool steel
or similar base metal coated with a suitable material. (b) To
develop a new die material such as an oxide or a carbide,
suitably reinforced with a metallic fiber. Tc develop a die of
a metallic compound with a performance measurable as in 'a"

and "b" above.

Extrusion Lubricants

Project No: 7-947
Contract No: AF33(657)-9141
Contractor: Thompson- Ramo Wooldridge, Inc.
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OBJECTIVE: The development of lubricants and application pro-
cedures to optimize the extrusion of structural ghapes from

aerospzce materials over a broad range of extrusion temperatures.

Effect of Dilute Impurities or Tungsten
Project No: 6.21.44,01.1

Contractor: In-House, U. S. Army Meterials Research Agency

OBJECTIVE: To determine how additives such as nickel exert a
profound effect on the grain growth and sintering of tungsten
and thus how to utilize this knowledge in producing optimum

properties in turgsten. To determine the volume diffusion and

grain boundary diffusion constants in tungsten.

zone Refining of Cemented Tungsten-Base Alloys
Project No: ORD TBS-002
Contract No: DA-11-022-505-0RD-3092

Contractnr: IIT Research Institute

A Comparative Evaluation of the Formability c¢f Tungsten Plate
and Sheet by Spinning Technigues
Contract .'o: NOw 63-0542-c

Contractor: Super-Temp Corporation

OBJECTIVE: Tungsten plate from three sources are to be evalu-

ated for spinability and shear formability.

Fabrication of Wide Tungsten Sheet by Point Deformation

Techniques
Contract No: NOw 61-1046¢

Contractor: Wah Chang Corp.

OBJECTIVE: Evaluate shear spinning techniques for producing

wide tungsten sheet.
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Influence of Heat Treatment on Physical Metallurgy
Project No: 735101-3M
Contract No: AF33(657)-11742

Contractor: Lockheed Missiles and Space Company

OBJECTIVE: To establish the phys’-al metallurgical effects of
processing wrought refractory metal products. The interactions
of alloy composition and thermal and mechanical history are to
be reliated to the structures of finished products. Emphasis is

on the effects of variations in the latter stages of processing.

Influence of Processing on Physical Metallurgy
Project No: 735101-3F
Contract No: AF33(657)-11231

Contractor: IIT Research Institute

OBJECTIVE: To establish a rational basis for the processing of
refractory metal wrought products by applying the principles of
physical metallurgy. The relationship of composition and process
history to structure and properties of finished products is to

be determined. 1In contrast tc other effort, emphasis is on
effects of variations in earlier stages of processing and

evaluation (extrusion, forging, sheet bar).

Development of Refractory Metal Foil
Prcject No: 651-G
Contract No: AF33(657)-9384

Contractor: Metals and Controls, Inc.

OBJECTIVE: Tou explore the problems of the production of

reproducible high quality refractory metal foil, and to develop
the optimum processing parameters. Included was development of
required evaluation procedures and establishment of final qual-

ity specifications.
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Development of Wide Refractory Metal Foil Process
Project No: 7-987
Contract No: AF33(657)-8912

Contractor: E. I. duPont de Nemours and Co., Inc.

OBJECTIVE: To develop 2 manufacturing process for the produc-
tion of high quality refractory alloy foil in 100-foot coils
up to 24 inches wide and in thicknesses down to 0.001 inch.
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Ad Hoc Infab Subpanel

The series of processing variables which were examined for the pro-
duction of molybdenum alloy sheet included ingot breakduwn and rolling in
Infab. This installation (the name derived from fabrication in inert atmo-
spnere), located on the property of Universal Cyclops Steel Corporation, had

been separately funded by the Navy.

Although operations in Infab nhad been carried on since 1961, uncertainty
eXxisted as to the actual inertness of the atmosphere and the metal prccess-

ing functions wiich the facility might best perform,

Since Infab processing nad been selected as an element in molybdenum
alloy sheet production under the DOD sheet rolling program, a brief investi-
gation was activated by the Refractory Metals Sheet Rolling Panel. An ad
hoc committee was formed (without formal approval, and comprised entirely
of members of the main panel), as shown on the roster., Quoting from the
first report (MAB~99-LM) of the Subpinel, the objective was:

had

"The Refractory Metals Sheet Rolling Panel has authorized the
organization of a working party to accumulate the existing in-
formation relevant to the achievement of the objectives of In-
fab, 1ts mandate is to review the data for Lts validity and
significance, to draw such conclusions as may be justified, to
make specific recommendations for further work necessdary ifor
competent judgment, and to expinre by discussion the nature of
otker functions which the Infab facility might perform in the
spectrum of manufacturing activities associated with refractory
metals,"

The Subpanel solicited data from Universal Cyclops and the few other

organizations thought to possess relevant informatien.

As a result of the discussions, a program to measure the contamination
incurred during Infab processing was recommended. The Air Force responded
by making alterations in their existing contract with Cyclops to encompass

the desired experiments,




1t was recognized that two considerations were involved. First was
the effective inertness of the atmosphere., The second, breader problem,
came down to the possible economic advantages of avoiding contamination

compared with conventional processing followed by scalping, for example,

Two reports were issued, The first was a letter report (99-LM) dated
March 20, 1963. 1t was observed in this report that suitable contamination
data are meager, but that existing evidence was sufficient to conclude that
surface contamination was not precluded. To provide a basis for judgment
as to alloys or operations for which Infab might be advantageous, a program

for measuring the kinetics ot contamination was detailed.

The final report (10 :-LM) was issued March 26, 1905. Answers to three

questions were sought;

1. what are the unique technical and possible economic advantages of
Infab?

2, What additional research and development may be needed to establish

the value of the facility?

3, What processes are uniquely suited to Infab (turbine forging,
extrusion, welding, forge ultra-high strength alloys, large

weldments, etc,)?

By this time, and as a result of recommended measurements made under
ttie Alr Force contract, sufficient data were at hand to state that the
original target of working metals without contamination or degradation of
properties .id been r.t, While the atmosphere was unreactive, iron con-

tamination .rom the rolls did result,

On the second point, additional research which might be needed, the
Subpanel pointed to a complete lack of a firm basis for defining any

economic advantage for Infab,
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Tvo conclusions were reached relative to the third question, processes
uniquely suited for Infab. On the one hand, no metalworking processss were
identified as being uniquely appropriate for inert ges processing. On the
other hand, there is a presumption that continuing development of high
strength alloys may result at some future time in alloys which wiil require
true hot working under conditions which may best be handled in an Infab~

type installation,

The continuirg uncertzinty regarding Infab ccncerns economic aspects.
At this point, no one knows if savings will result from commercial process-
ing in Infab or in a similar type of installation. At present, alternitive
routes to Infab processing are employed with reasonable success, including:
canning, pickling of contaminated surfaces, warm or cold processing, and
locally installed gas chambers. iHowever, Infsb, because of its large size,

flexibility,and good atmespheric control may offer advantages in the future.

It would seem to be appropriate for the obtaining of such data to be
left to those who can vtilize and profit from it now that the technical
feasibility has been demonstrated.
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Joining Subpanel

The objective of the Joining Subpanel was to make an assessment of
the state of the art to enable recommendations for needed reseerch to be
drawn up. The repor: of the Subpanei (MAB-171-M) is dated March, 1961,
after which the Subpanel disbanded. For this reason the comments below
may no longer hold.

A number of viaits were made by Subpanel members to capitaiize on
available knowledge. A first conclusion reached was that this body of

information was very fragmentary.

Discussion and Results

Joining by riveting, brazing, and welding was considered. Welding
received the greatest attention, and the situation regarding each of the
four metals is discussed in the report in turn. The advantages and dis-
advantages of gas, electron beam, resistance, and ultrasonic welding pro-

cesses are covered.

Most knowledge was available (at the time of writing) for molybdenum
alloys. There were problems with contaminaction (and hence brittlemness),
especially with sheet made from powder, but the real g-ip was knowledge
concerning the structural performance of weldments. One sspect of this
problem is the notable strain-rate sensitivity of molybdenum. The big
problem of welding molybdenum by any process (assuming excessive grain
size in the nugget is avoided) involves the heat-affected zone in which
cracks are easily produced during welding. EB weldingvis notable for the
small size of heat affected zone which results, but very accurate fit-up

is required.

Some columbium ailoys &re readily weldable, but others tend to be
brittle either as-welded or after heat treatment. The few tantalum alloys
known at the time were weldable, and most alloys developed subsequently

are also weldable. In a structural sense, tungsten and molybdenum are
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unweldable. The problems of tunzsten welding are partly masked by the
brittleness of the base metal. TIG and EB tungsten welds may be made
successfully, but purosity problems with sheet made from powder exist in

the same manner as with mol‘bdenum.

Tne report concluded that development was goirg ca actively in many
industrial organizations, with the trend toward the use of automatic
equipment. EB welding has apparent advantages, which may be a function of
the voltage used. Test criteria are needed to permit an evaluaticn of
brazed joints. Ail four refractory metals can be fusion welded success-
fully if an appropriate technique is used. Spot welds alsc appear possible,
but a background of expevience is largely lacking. Brazing is generally
limited to temperatures below which most hardware would operate. Riveting
is feasible, but may involve weight, cost, or reliability (in coated

assemblies) problems.

Conclusions and Recommendations

Four recommendations were offered:

1. A program to define tests for simulation of the various sever-
ities of service is needed.

2. Development of brazes with high remelt temperatures should be
pushed.

3. A research program leading to a better understanding of solid
state joining is needed.

4. Alloy development should always include consideration of the

great importance of weldability.

This subpanel report was the first which became available in the
sheet rolling operation. 1In the intervening four years, substantial
progress nas been made, particularly by the fabricators of hardware.
Probably most effort has been on columbium alloys., While it would be

presumpiuvous to say that all problems have been solved, it does seem clear
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that use of refractory metals will not be inhibited by the joining problem --
a fear which led to the formation of the subpanel. Such achievements as

the McDonnell ASSET vekicle and the Douglas Nike tungsten blast tube

attest to the advanced state of the art. Problems are no longer with

merely making a jeint, but with keeping rhe transition temperature low

and the joint efficiency high by maintaining the usual controls over

porosity, recrystailized metal, etc.

A detailed analysis of the aerospace joining requirement for the
1965-1980 time period and the deficiencies in our present capability is
contained ia "Report No. 2 of the Aerospace Manufacturing Techniques

Panel," MAB-139-M(AMT-2), dated October 15, 1963.
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Phase I1 Subpanel

Ob jective and Approach

The objective of the Phase II activity was to obtain needed mechan-
ical and paysical property design data from the “pedigreed" sheet produced
in Phase I. The determination as to which specific tests were to be run
and at what temperatures and times (for long-time data) was the primary
interest of this Subpanel. The decision was made that the minimum data
should be obtained that, in the judgment of the desigrers, would permit
them to evaluste the genersl characteristics of the materials as to their
potential for use in advanced structures., It was decided that all the
design data that ultimstely may be gought by a designer should not be ob-
tained at this point in the program because the specific applications for
the product were not known snd because th2 fabrication experience gained
in Phase III would influence the future use of the material.

The procedure used to develop the list of properties that would meet
the above criterion follows:

1. The Aerospace Indusiries Association (AJA) was contacted for
its advice., AIA proposed that we use the report ARTC-12
"Basic Properties for Comparative Fvaluation of Structural
Metallic Materials" (revised July 1, 1960) as a basis, and
that we determine most (but not all) oi the Priority 1 and
2 data from Charts I and II of that rcport,

2. The Phase II Subpanel analyzed this proposal of AIA, added
its own more detailed knowledge of the scope and nature of
the sheet rolling program, and from this study, produced a
modified list.




3. This list was submitted to AIA. The response was a hearty
endorsement of the proposed program and its details. Minor
constructive comments were received from certain individual
AIA representatives and most were incorporated., This final
program is included herein as Table 7 and has been used for the

formal Phase II programs,

Status and Recommendations

The Navy established a Phase II program at Southern Regearch and two
of the products (TZM, and unalloyed W) of Phase I of the sheet rolling
program are being evaluated as prescribed (see Table 2, main panel
report). The documentation of the important properties of the pedigreed
sheet has been of considerable use, It is rare that an opportunity is
provided for the determination of mechanical and phvsical properties that
the designers need on materials for which the production development and

method has been documented. A continuation of this approach is recommended.

The choice of materials for inclusion in the Phase II evaluation has
been the responsibility cf the main panel. They have recommended that, in
addition to the Phase II programs now under way, Phase II programs be con-
ducted for T222, GE473, and FS85, and that Phase II data being determined
randomly by a number of laboratories for Cb752 and D43 from previous
Phase I AF programs be collected and assemblec in a single document. (See
Table 4 main panel report.) To date the follow-up of these recommenda-
tions has been initiated for only FS85 (by the Navy). These recommenda-

tions should be implemented.
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Phase 111 Subpanei

Objectives and Approach

The objective of Phase YII programs was to evaluate the quality and
fabricability of sheet produced in Phase 1. A secondary objective was to
delineate optimum procedures for unit fabrication operations and the gen-
eral limits of fabricability for Phase I sheet. Activities of the Subpanel
were concernzsd with definition of the basic needs of the Department of
Defense and industry with respect to information on the fabricability of
"pedigreed" refractory metal sheet alloys. Recommendations were made to
the Contracting Agerncy for Phase III programs to aesist in planning and
guiding the technical efforts.

The first task of the Subpanel was to define a general scope for
technical efforts that would apply to all Phase II1 progrems., It was rec-

omnended that five major elements be incorporated in each program:

1. Part Selection: Select for fabrication studies small parts or

subassemblies typical of current or anticipated use. Manufac-
turing sequences should include a broad variety of unit fabri-

cation processes.

2. Limits of Formability: Determine the capabilities with respect
to fabrication of Phase I sheet and the limits within which

good quality parts can be made for each unit process.

3. Metallurgical Investigation: Evaluate the general structure

and quality of sheet and correlate with the response to forming.

4., Forming Tests: Fabricate by repetitive mears a sufficient number

of parts to demonstrate consistency (or lack of) in response to

forming by optimum procedures.




5, Structural Testing: Cor. il . “henical or structural tests to

datermine the properties or [=..ormance capabilities of fsbri-
cated parts and subassemblies.

Detailed recommendations fer the sccpe of technical effort in each of
thiese five areas were made to serve as a guide in planning future Phase

IIX research activities,

Two programs had been fundéd before the Phase III Subpanel was created,
The Subpanel, therefore, concerned itself with evaluating the existing pro~
grarns in terms of the objectives and scope for such programs as defined
above, Where necessary, changes in direction of technical effort were rec~
ommended to align these programs with desired Phase II] activity. A third
program funded after the organlzation of the Subpsnel was planned in ec<
cordance with the basic recommendation3 of the Refractory Metals Sbeet
Rolling Panel,

During the course of the three fabrication programs, the Subpanel met
periodically with representatives of the contracting agency and the con-
tractors to review progress and future plans., These reviews were used to
accelerate the dissemination of technical infermation, both from the con-
tractors to the Panel and from the Panel to program monitors., The primezy
purpose, however, was to guide the Subpanel in making sound and usefuil

recommendations for future work,

Sumpary of Program Activities and Results

l. Mo-Base Alloy Sheet: Ome program on the fabrication of Mo-alloy
sheet was conducted by McDornell Aircraft Corporation, St. Louis, (Navy-
BuWeps Contract No, NOw-64=0456-c), The main contributions of the Subpanel
vere recomuendations to concentrate efforts on: (1) evaluation of pedi-
greed TZM sheet produced in Phase I and to minimize work on Mo~0,5Ti sheet;
and (2) fabrication of small parts and subassemblies typical of utilization
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in ASSET heat shield panels rather thkan a large fin and rudder assembly

as planned; and (3) evaluation of specific unit forming processes and
determination of forming limits and basic sheet quality. These recomenda-
tions were implemented by the contracting agency with a consequent delay
in the program, The technical results, however, more than justified the

changes tha® were made ard delays involved.

Results of this study indicated that the Phase I TZM sheet was
of excellent quality and had a somewhat greater latitude and flexibility
with respect to forming than current commercial production material, Mini-
mum forming temperatures were appreciably lower than those currently in
use for TZM sheet. Reproducibility in repetitive forming of parts was
good, Problems with edge laminations still were found, however, in shear-
ing, punching, or blanking operations. Preliminary results indicate good
structural properties in fabricated parts and gsubassembtlies,

2. Tungsten Sheet and Plate: Two programs weve conducted on the

forming of Phase I tungsten shemt prccduced from powder metallurgy billets:
(1) a shear spinning evaluation of plate conducted by Super=-Temp Corpora-
tion, Santa Fe Springs, California; and (2) a forming evaluation of sheet
conducted by Solar, Division of International Harvester, San Diego,

California., Both programs were contracted by Navy BuWeps,

Activities of the Subpanel with respect to the spinning program
were concerned with: (1) assistance in preliminary evaluation of sheet
structure and history on ability to spin and form parts; (2) a recommenda~
tion tc conduct a program on evaluation of spinning quality; and (3) recom-
mendations for minor technical modifications during the course of the work.
Preliminary studies were conducted through the courtesy of Aer:jet-General
Corporation, Sacramento, Califcrnia, at the request of the Subpsanel to
demonstrate the feusibility of forming sheet produced by the Phase I pro-
gram at Fansteel. As a result of this work, basic product mixes of Phase
I sheet for use in forming studies were delineated and recommendations made

to conduct forming evaluation programs.
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The program or spinning could not be oriented completely with
the general objectives and scope of Phase III programs due to prior fimm
contractual commitments. Results of the investigstion were very useful,
however, and contributed greatly to knowledge in fabrication of tungsten
parts by shear spinning. It was found that spinning characteristics of a
given part were more sensitive to smail changes in forming parameters than
to large differences in the structure and prior history of tungsten plate.
The Phase I sheet was of excellent spinning quality and had exceptionally
gocd mechanical properties in fabricated forms. These results were excep-
tionally gratifyiog on the basis of prior judgment by producers and users
of tungsten sheet that indicated the history of manufacture of Phase I

sheet was not conducive to good spinning characteristics.

The forming evaluation program conducted by Solar was planned in
accordance with subpanel recommendatioas. Panel activities therefore
were concerned with technical liaison and recommendations for selection of
final components for struztural evaluation. Applications of direct inter-
est to Navy BuWeons were reviewed in making the final recommendation for
manufacture of a supersonic ram jet combustor. Resuits of this program
clearly defined forming limits for a wide variety of uait operations and

demonstrated the good quality and formability of Phase I sheet.

3. General Remarks: The information and data obtained as presented

in the final reports on these programs will have broad utility in the
years ahead. The results of each program conducted are of far more value
to the Department of Defense and industry since they comprise a complete
and detailed evaluation of fabricatior. capabilities for specific areas of
application of a given material. This approach is believed to have been
more effective than the alternate approach of doling out samples of

sheet materials to various fabricators and attempting to collect, correl-
ate, and disseminate the bits and pieces of data obtained. Invariably,
the latter approach leaves many gaps in knowledge of material capabilities
and often provides data that cannot be corrclated due to lack of standard-

ized evaluation procedures.




Recummendations

With respect to future fabrication evaluation programs of Phase I
sheet alloys, it is recoumended that Phase III programs be considered for
Cb and Ta alloys going through pilot scale sheet production programs. These
coula be combined with Phase II programs which have been recommended for
these alloys to provide an evaluation ¢f mechanical properties, general
quality, and fabrication capabilities in onz report. The past Phase III
programas, in effect, tended to duplicate some of the tests conducted in
Phase II studies. Efforts in these two regions could easily be coupled
by a slight reduction in scope of activitie: in each area. Information on
mechanical properties and fabricability similar to that obtained for TZM
and W will be needed for the tantalum and columbium-base alloys. The
approach used by the Phase III Subpanel was effective in assisting the
contracting agency in planning and conducting the evaluation programs, and
demonstrated how harmonious working relations between an advisory subpanel,
the contracting agency, and contractors could be developed and used to plan
and direct a well coordinated program. It is recommended that similar

approaches be tried in future activities like those of the RMSRP.




~101~

ROSTER

REFRACTORY METALS SHEET ROLLING PANEL

SUBPANEL ON QUALITY SPEGIFICATIONS
~

Chairman: Mr. John T. Stacy
Senior Group Engineer
Aero~-Space Division
The Boeing Company
P. 0. Box 3707
Seattle 24, Washington

Members

Mr. S. E. Bramer
Douglas Aircraft Corporation
Santa Monica, California

Mr. Robert Freeman

Marketing Manager

Refractory Metal Division

Climax Molybdenum Co. of Mich,, Inc.
Ann Arbor, Michigan

Mr, Basii T. Lanpnier
Chief Metallurgist
Carpenter Steel Company
Reading, Pennsylvania

Staff Metallurgist: Dr. Joseph R, Lane

Former Members: Mr. Arnold Rustay
Wyman~Gordon

Mr. George Timmons
Climax Molybdenum




~102-

Quality Specifications Subpanel
Objcctive

The primary objective of the Quality Specifications Swbpanel was to
assure the production of refractorv metal sheet in the Phase I effort under
controlled conditions in order to establigh the desired unifcrmity and
quality of sheet available for subsequent evaluation in Phases II, IIX,
and IV. While a desirable objective for any type of material usage, such
control was highly des{rable in the case of refractory metal alloys. For
example, refractory allo data which were available at the start of Phase
I indicated that refractory metal and alloy sheet was plagued with the
following deficiencies: inconsistent properties within a sheet and from
sheet-to-sheet, poor surface quality, insufficient flatness, tendency to
delamingte, high and variable ductile-brittle transition temperatures and

inconsistent recrystallization temperatures.,

Operations

In order to assure the quality desired in refractory metal and alloy
sheet, it was necessary to establish minimum criteria for the acceptance of
such sheet from the DOD contractors. Sheet which met these criteria would
be accepted for subsequent eveluation on other phases of the refractory
metal sheet rolling program. 8uch sheet would be known as "pedigreed

sheet”., To insure compliance, controlling specifications were required.

Initially, an attempt was made to assemble enough existing data on
the then moast available refractory ailoy sheet, Mo-0.5w/o Ti, to permit
the establishment of property levels by statistical methods. When it be-
came apparent that the data were insufficient to be handled statistically,
various alloy producers were contacted to determine what minimum property
and quality levels could be met with their alloys and their production

methods. Based on the information received, a specification wss drafted

to delineate minimum acceptable properties and quality for a variety of
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refractory metals and alloys., A review of the draft by the wain panel
indicated that such a specification would neither establish the desired
uniformity of properties nor assemble sufficient data to permit subsequent
analyses in order to set minimum standards, Hence, it appeared desirable
to prepare a specification along the lines of a test plan, outlining re-
quirements for sampling and testing. Based on this philosophy, a quality
sampling specification was prepared,

Results

The first quality sampling specification was issued June 8, 1962, as
Report MAB-184-ii, '""Report on the Subpanel on Quality Specifications, Re-
fractory Metals Shzet Rolling Panel', The specification covered columbium,
molybdenum, tantalum, tungsten and their alloys. Types of tests and meth-
ods of sampling were specified. Since the emphasis was on quality, explicit
levels of properties were purposely largely omitted, permiszsible variations
about a mean value or within a range being designated. Cocverage included
identification of sheet and lot; a sampling plan; visual, dimensional, and
sonic inspection; tensile, bend transition temperature, metallographic,
hardness, and recrystallization tests; and a detailed forwmat for reporting

the test results,

A second quality sampling specification was issued for tungsten plate:
MAB-190-M, dated March 15, 1963, 'Quality Sampling Specification for Tungs-
ten Plate'. This specification was simjilar to that above, but added re=-
quirements for penetrant inspection, grain size, grain shape, and speci-
fied minimum reduction in area. 71aese added requirements appeared manda-

tory to assure shear-spinning quality.

The third specification issued differed from the previous two in that
it set up required standards and it applied only to tungsten sheet (MAB-
196-M, dated January 22, 1964, "Recommended Quality Standards for Tungsten
Sheet Produced in the Refractory Metals Sheet Rolling Program')., In es-

sence, this specification was the fruitation of the sampling plan spelled
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out in the first specificatiorn (MAB-184-M) wherein the data obtained or
Navy Contract NOw=-60-0621-c by the Fansteel Metallurgical Corpocation were
used to establish tensile minimums, thickness tolerances, flatness toler-
ances, and an elevated temperature bend test requirement for various thick~

nesses of tungsten sheet,

Assessment

In assessing the results of the wock of the Quality Specifications
Subpanel, several items are of particular interest. First, the guidance
established by the fssuance of the general quality sampling specification
(MAB-184-M) was of value in detailing fcr the DOD those items of quality
which are of importance to the users of refractory metal sheet. Likewise,
the imposition of this documented requirement on DOD contractors educated
the refractory metal sheet industry and promoted the production of quality
sheet. The use of a2 sampling specification to contrcl quality and, at the
same time, to accumulate data for standardization such as was done in the
case of tungsten sheet has been ugseful in elucidating the quality and mech-
anical properties of production sheet. These data resulted then in a firmly
based quality standard or specification. However, to date, the only firmiy
based specification to be prepared on the DOD programs has been that for
powder metallurgy tungsten sheet (MAB-196-M).

Data of the type required by the quality sampling specification, MAB-
184-M, are available for the columbium alloy, D-43 (Cb-10W-1Z2r-0.1C). Some
data on a pilot production contract involving F$-85 (Cb-27Ta-10W=-1Zr), have
recently becoune available. Also, similar data are available for the Cb-752
alloy (Cb-10W~2.5Zr). Based on these data specifications such as that writ=-
ten for tungsten sheet (MAB-196-M) can be prepared. In the case of tanta~-
lum alloys, no data are available to permit the preparation of correspond-
ing specifications. However, such a specification can be prepared for
molybdenum alloys, either Mo=-0.5Ti or TZM.
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In summary, it will be noted that the initial mode of operation, that
of preparing specifications for property and quality levels from existing
alloy data, was not effective and that it was necessary to obtain data ac-
cording to a test plan type specification to generate the required informa-
tion., These data wers immediately applicable to the preparation of realis-
tic specifications. Hence, in any future operations of this type, it is
recomnended that a quality sampiing specification similar to MAB-184-M be
prepared and instituted as part of the contractual requirements in alloy
development contracts involving some production of alloy. This second
mode of operation was very successful; hcwever, it should have been insti-

tuted at an earlier date in the life of the Panel to have realized its full
benefits,
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Standardization of Test Methods Subpanel

The objective ¢Z this Subpaenel was to provide a standard basis for
the test evaluation of refractory alloy sheet produced under various De~
partment of Defense development programs, Established ASTM and other
standards did not include sufficient definition of methods for the oxida-
tion protection of refractory metals during test and of temperature control

requirements at the higher test temperatures,

The Subpanel membership was selerted from research and development
engineering organizations actively engaged in the application of refrac-
tory metal sheet. A number of producers and users of refractory metzl
gheet were first canvassed by the Subpanel to determine their practices
and to solicit comments with regard to refractory metal sheet evaluation.
As could be expected, the results showed a wide divergence in detailed
practices, most of which was attributed to differences in equipment or in
design applications. As an example of the latter, laboratories concerned
principally with high-temperature aerospace structures were mostly inter-
ested in short-time properties. Other groups needed longer time test data
for their design purposes, The producers’ requirements were usually dif-
ferent than either of these. Routine quality control testing was generally
designed to reflect important manufacturing effects, At a meeting on
January 31, 1961, in Clevelard, Ohio, the results of the survey were ana-
lyzed and discussed, A tentative set of standards was drawn up defining
basic test conditions but, at the same time, providing for minor variations
in procedures to meet specific equipment, design, and material needs. The
test methods were also coordinated with properties criteria as established
by the Alloy Requirements and Selection Subpanel. Followlng this first
meeting, comments were again solicited from a number of interested labora-
tories and after these had been evaluated, a report was published on
September 6, 1961 (MAB~176-M). This report received considerable comment
by both users and producers of refractory metal sheet. A number of ques-
tions were raised concerning specific practices related to tensile strain

rate, bend test practices, and temperature measurement. The Subpanel met
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again on June 25, 1962, in Washington to review these comments. After
detailed consideration and communications with various laboratories and
producers, a final draft was agreed upcn and a revised report, MAB-192-M,
was issued April 22, 1963, Several additional tests of interest to fabri-
cation evaluaticn and preliminary design anzlyses were also included in
the second edition,

Additional comments were received following release of MAB-192-M,
After review by the Subpanel, a revised draft was submitted to the main
panel on September 16, 1965. It was decided to publish the revised draft
as the third edition of the report on "Evaluation Test Methods for Refrac-
tory Metal Sheet Material", This report, MAB-216-M, will outline standard

methods for the following tests and determinétions:

Tensile Weld Evaluation

Compression Recrystallization Temperature
Shear Fatigue

Bend Thermal Conductivity

Bearing Thermal Expansion
Creep~-Rupture Specific Heat

Delamination Modulus of Elasticity

These procedures form a '"standard" basis for comparison of refractory
sheet metal by different laboratories, By definition, "standard" methods
cannot define all details needed to meet special design or fabricatien
requirements. Such "special” tests must be designed to specific environ-~
mental, strain, and temperature conditions as dictated by the design
application, '
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Steering Committee

The diversity of problem¢ before the Panel led to the formation in
April 1962 of a Steering Committee, The purpose of the group was to re-
view these problems and recommend items to be brought forward for decision
by the maiwn Panel. In effect, the Steering Committee established the
agenda for meetings of the main Panel, Principal decisious were the as-
signments to be made to subpanels, and the contractors selected to present
a resume of progress at panel meetings. A selection of guests appropriate
to each meeting was also made.

As the Panel operation case near an end, the remaining tasks became
qQuite evident. Meetings of the Steering Committee became brief, and the
last meeting was held in January 1965.

On the subjects discuseed at the Steering Comaittee meetings, none
reappeared more often than that of the desired coverage of the Panel:
should other mill forms, particularly tubing, be included? An outgrowth
of this debate was an early informal group that reviewed the tubing prob-
lem (reported in Progress Report Numbers 3 and 6), and the subsequent
establishment in April 1964 of a formal Tubing Subpanel.

Another typical decision related to coverage in terms of materials,
New developmentg in chromium alloys were reviewed several times (always
with the same conclusion: maintain awarenese of research within Steering
Committee but exclude frowm Panel consideration.).

The final problems related to pos3aible changes in mode of operation,
and to fermulation of an orderly plan to disband the refractory metal
sheet rolling activi.y,
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Tubing Subpanel

Goals of the Subpanel

An increasing attention to refractory metal tubing triggered by antici-
pated aerospace and nuclear applications, coupled with the fact that most
of the tubing alloys were identical to those being developed for sheet, led
to the formation of a Tubing Subpanel in March 1964, An ad hoc group had
made a preliminary report in mid-1961 indicating no immediate requirement
for a tubing activity., Subsequently, an informal coordination group in-
volving NASA, AEC, and the Alr Porce was instituted, largely to maintain
continuity in the production, test, and evaluation phases. Aftar it became
apparent that many of the problems just sclved for sheet were pertinent to
tubing (for example, alloy selection and test methods), the desirability of
a Tubing Subpanel was indicated.

The following charter was established for the Tubing Subpanels
I. Assess requirements for refractory metal tubing

I1. Define state of the art
A. Production capability for individual alloys
l. Size range
2. Quality
3. Experience
8, Equipment and process status
C. Quality control and test methods status
D. Tubing properties .
I11. Establish technical objectives for development of tubing
technology
A. Process development needs
B. Target tubing properties for various alloy bases
IV. Pollow current programs, recommend new programs, and indicate

distribution plans and uses for tubing produced on Government-
funded programs,
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In fulfilling this commitment, several commercial tube mills were
visited and technical briefings were presented to the Subpanel by tubling
manufacturers. Both conventional and novel fabricstion processes were in-
spected, These visits supplemented the composite knowledge already avail-
able to the Subpanel. Culmination of this phase of the Subpanel's activi-
ties was the publication of Report MAB-208-M, "Status of Refractory slloy
Tubing - 1964"™. The report covers, in large measure, Items I, 1I-A, B, C,
and I111-A cited above in the charter,

Typical requirements defined for reiractory alloy tubirg and described
in detail in MAB-208-M i{nclude nuclear reactor fuel eiement cladding, pip-
ing for space power systems, (e.g., Rankine and Brayton cycle, Thermionic)
liners of regeneratively cooled rocket nozzles, structural members in aero-
space vehicles, liners for barrels of small-bore weapons, and internal com-
ponents for nuclear propulsion rockets, Limited industrial applicatiocns,
particularly in various highly corrosive medis, alss exist, Definition of
requirements and establishment of the production state of the art lad to
the following specific recommendat:ons for further procees development in

the refractory metal tubing field:

1. The flow-turning process under development by TMCA appesars to be
attr:ctive as a means for prodicing refractory metal tubing from
either extruded or welded tube rounds. Practicability of this
method for producing tubing of the more ductile refractory alloys
should be evaluated,

2. Both new and conventional methods of tube manufacturing should be
extended to higher temperatures, For example, drawing and tube
reducing of tubing at temperatures between 500-1500°F should be
developed in order to capitalize on alloys which cannot be worked

near room temperature,

3. An exploratory study to define fabrication problems associated

with special shapes such as tapered tubes should be undertaken.
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4. Improved methods for producing composite tubes should be developed,
particularly composites comprised of a conventional alloy and a
refractory alloy.

5. Investigation of novel tube producing processes should be main-
tained to establish feasibility and permit comparisons of product
quality and operating economy with conventional mathods,

6. Studies to better understand deformation processes for making
tubing are recommended, including development of tests whereby
fabricability of new alloys into tubing may be determined,

Some of these recomusndations are currently being implemented, while
others have not yet been considzred in detail for support. The Subpanel
strongly urges that all cf these proposals receive careful consideration

for inclusion in future Govermment-funded developmental programs.

Target Properties for Tubing

Another major function of the Subpanel was to estaviish target prop-
erties for refrastory metal alloys which could be fashioned into tubing
with properties superior to those currently available. In large measure,
the Tubing Subpanel was able to capitalize on the extensive ground work
1aid by the Alloy Requirements and Selection Subpanel of the RMSRP in es-
tablishing similar target properties for refractory metal sheet. However,
in specifying target properties for tubing, greater e@phasis was placed
upon creep and stress-rupture characteristics, This reflects a principal
need for refractory metal tubing in power applications and space propulsion
missions of long duration. The target properties established for refractcry
metal tubing are cited in Table £, These target properties are considered
to be achievable combinations of strength and ductility beyond the present
state of the art for refractory metal tubing alloys. It is recognized, of
course, that not all advanced systems wiil demand such strength propertcies.

Present alloy capabilities are, in fact, adequate for many contemplated
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TABLE 8, Targsts for Refractory Metal Tubing Alloys

Cb Ta Mo W
Room Temperature Tensile
UTS * * * *
Ye * * * *
Elongation, % 15 15 10 6
Elevated Temperature Tensile**
*
2000 ¥ 50-40,, -, 75-60, -
2400 ¥ 30-25 50-40_ 60-50* oo
3000 F - 35-25, 25-15 40-30*
3500 ¢ -- 15-10 - 25=-15
Creep Strengtnh
2200 F
1% - 100 hr 12 24 15 -
1% - 1000 hr 8 16 10 .
Rupture - 100 hr 20 40 25 .-
2400 P
1% = 100 hrx 7 20 9 --
1% « 1000 hr 5 12 6.5 --
Rupture ~ 100 hr * * * --
3000 F
17 « 100 hr - 5 4 7.5
1% - 1000 hr - 3 2.5 4.5
Rupture = i00 hr -- 10 8 15
50% Recrystallization Temp., 1 hr 2600 3000 3200 3600
Transition Temperature, F
4T Bend «100 =100 RT RT
Room Temp, Bend Ductility, T
Base 1T 1T 4T 47
Weld 2T 2T State State

*
To be furnished,

ok
Lists in order UTS, 0.2% YS, and % Elongation.

State the following:

Fabrication experience

Density

Thermal expansion coefflcient

Erissivity

Modulus of elasticity

Oxidation and contamination
characteristics

Coating experience

Lamination tendency
Hotch sensitivity

Flarability
Response to flattening

Resistance to alkali metal

corrosion
Nuclecr cross section
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systems., However, it is a matter of historical record that designers are
always quick to exploit superior material properties either through reduced

weight or improved design margins.

The diverse applications for refractory alloy tubing often requlre
specific properties or combinations ¢f properties other than mechanical.
For example, in Rankine cycle systems resistance to attack at elevated
temperatures by alkali wetals dictates inclusion of getter elements, such
as zirconium or hafnium, in rafractory alloy compositions. In nuclear fuel
cladding, even more complex chemical restraints are imposec. FPFurther, the
strength requirement 18 different for eaci. of these two applications. Tubing
for fuel cladding must have high strength, while tubing for Rankine syatem
piping requires good weldability and fabricability, strength peing less
immortant. 1In either case, ductility under biaxial stress should be ap~
preciable (~5%). Thus, when tubing is used in complex engineering struc-

tures, strength considerations may become secondary.

One further comment on Table 8 is in order: Since sheet is generally
available prior to tubing, several of the aspecified properties are refer-
enced to sheet rather than to tubular mill products. Such property tasts
are useful screening tools prior to committing an alloy to tubing develop-

ment program,

Need for Coordinating Group

In comparing these briefly summarized accomplishments with the goals
of the Subpanel as defined by the charter, it appears that at this writing
only Item IV requires major pursuit. There was unanimous agreement among
the Subpanel members that to perform this function a formal interagency
coordinating group for refractory metal tubing should exist, Since it was
concluded that available refractory alloys are, in general, suitable for
the contemplated applications, a major alioy selection or alloy develop-
ment activity is not required. Rather, the focus shculid be on improving
fabrication capabilities for refractory metal tubing.




~117-

The propased group would ope-ate zs the focal point for information
exchange and discuss, coordinate, and recommend Government-funded programs,
It is realized that specific applications involve unique problems, but irn
each instance there shouvld be sufficient relevant technology to make prof-

itable a coordinated enterprise.

M3 jor attention would be directed to the process metallurgy of refrac-
tory metals, However, this need not exclude cognizance of closely related
programs on reactive metals where processing similarities exist., Agencies
currently having active or planned programs in these areas include the Air
Force, Army, AEC, and NASA and, thus, wide interservice interest is
anticipated,

In making this recommendation for a follow-on tubing activity, the
§ubpanel recognizes the existence of an Ad Hoc AEC group on tungsten tubing
and possible interagency groups concerned with the metallurgy of vanadium
and chromium, These in no way dimiaish the strength of the recommendation.
Although the tubing activity could be carried out by an informal committee
without sponsorship, the Subpanel feels that operation under MAB aegis
would be much more satisfactory. With MAB sponsorship, domination of the
activity by any one agency would be avoided, participation by guests from
industry would be practical, prestige (and presumably therefore functional
capability) of the group would be enhanced, and formal channels for infor-

mation dissemination would be available.
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APPENDIX 1

LETTER OF ASSIGNMENT

OFFICE OF THE DIRECTOR OF DEFENSE RESEARCH AND ENCINEERING
Washington 25, D. C.
June 18, 1959

Dear Dr. Bronk:

The Bureau of Aeronautics hes initiated a Refractory Metals
Sheet Rolling Program, expansion of which is expected both with Bureau
of Aeronautics funds and expected supplemental funds from DOD.

Because of the laportance and complexity of the program and
the many diversified interests in it, the Bureau of Azronautics has
requested the assistance of the Materials Advisory Board in the form of
an Advisory Comnittee, to function in a monner similar to that of the
advisory group to the Bureau of Aeronautics for the Titenium Sheet Program,

It is requested that the above committee be established after
consultation with the Bureau of Aeronautics as to details. It is under-
stood that this office will be kept advised of the progress of the work
under this assignmenc.

It is understood that this assignment is acceptable to the
National Academy of Sciences =~ National Research Council, and will not
recuire funds beyond the current contract appropriations,

Sincerely yours,

J. R. Townsend
Special Assistant

Dr. Detlev W. Bronk

President

National /cademy of Sciences
2101 Comstitution Avenue, N. W,
Washington, D. C.

. & Y

; . . R ‘ —
L Previcus pager ?are blank, therefore not f£ilmed. J
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Listed below is a chronology of the meetings held by the Alloy Require-
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APPENDIX I1

ALLOY U & SELECTION SUBPANEL

Chronology of Meetings

ments & Selection Subpanel, and the purposes for which they were held:

1)

(2)

(3-a)

(3-b)

(3=¢c)

(%)

(5-a)

5-b)

(5=¢)

(5-d)

(5-e)

November 3, 1959: Chicago, Illinois

To establish ground rules for considerat;i.on of candidates
and set a schedule for activities of the Subpanel.

Novecber 20-December 2, 1959: Washington, D. C.

To meet with producers of refractory metals to orient thew
about the Refractory Metals Sheet Rolling Program and to deter-
mine the status of refractory metal development.

January 20, 1960: Sacramento, California

Discussion of refractory metal requirements in solid rockeuis
with Aerojet General.

January 21, 1360: Los Angeles, California

Alloy Requirements & Selection Subpanel meeting to set
preliminary target properties,

Junuary 22, 1960: Los Angeles, California
Meeting with ARTC Group to discuss aerospace requirements.

February 19 and 29, 1960: Washington, D. C.

Estabiishment of méchanical-property targets for refractory
metal sheet alloys.

May 17, 1960: North Chicago, Illinois

Presentation of molybdenum candidate by Fanstcel Metallurgical
Corporation and Marquardt Aviation Corporation.

May 18, 1960: Detroit, Michigan
Presentation of molybdenum candidate by Climax Molvbdenum.
May 19, 1960: Cincinnati, Ohio

Presentation of molybdenum candidate by General Electric,
Evandale.

May 20, 1960: Bridgeville, Pennsylvania

Presentation of molybdenum candidate by Universal-Cyclops
Steel Corporation.

May 20, 1960: Pittsburgh, Pennsylvania

Alloy Requirements & Selection Subpanel executive session to
discuss molybdenum alloy recommendations,

MY
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July 6-7, 1960: Washington, D, C.
Presentation of columbium glloy candidates by producers.
August 24, 1960: Washington, D, C.

Setting procedures for uniform evaluation of refraccory matsl
alloy candidates,

January 24-25, 1961: Columbus, Ohio
Producer presentations on columbium alloy candidates.
March 1, 1961: S8t. Louis, Missouri

Alloy Requirements & Selection Subpanel executive session to
recommend columbium alloys.

March 22, 196]: Los Angeles, California

Discussion of refractory metal requiremeuts with Space
Technology Laboratory.

March 23, 1961: Sacramento, Californis

Discussion of refractory metsl requirements st Aerojet General.

Maxgh 24, 196): Livermwore, California

Discussion of refractery metal nuclear 'toquit-mu with
Lewrence Rad!atien Laboratory.

March 29, J961: Tremsnton, Utsh
Discussion of solid rocket requirements with Thiokol Chemical.

Augget 8, 1961: Washington, D. C.

Alloy Requirements & Selection Subpanel executive session to
discuss columbiwm allcy recoumendations.

November 2-3, 1961: Washingtom, D. C.
Producer presentations on tantalum-base alloys.

FPebruary 20, 1962: New York, New York

Alloy Requirements & Selection Subpanel executive session to
set future plans,

Mexch 26, 1962: Washington, D. C.

Additional colusbium producer presentations and consideration
of columbjium sheet alloys.

April 17-18, 1962: Alexandria, Virginia

Alloy Requirements & Selection Subpanel executive session on
recommendation of columbium shee: alloys.

May 14, 1962: Cleveland, Ohio

NASA roquirements discussion, and review of AAAP refractory
sheet metal requirements,
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(17) November 30, 1962: Waeshington, D. C.

Producer presentations on high-strength molybdenumn and
tungsten allcys.

(18) April 17, 1963: Weshicetom, D. C.

Producer presentations on highe-strength molybdenus, tungsten,
and tantelum alloys.

(19-a) June 25, 1963: Oslo, Norway
(19-b) September &4, 1963: St. Louis, Missouri

Discussion of refractory metal requirements and ARTC discussion
of response to questionnaire,

(20) Decexmber 10-13, 1963: Los Angeles, Cslifornia

Discussion of coiumbium alloy recommendations, and additiomal
presentations by Westinghouse, Fansteel, and Wah Chang, .

(21) May 21, 1964: Washirgton, D. C.
Producer presentations on tantalum and tungsten ailoys.
(22) July 13-14, 1965: Washington, D. C.

Producer presentations of ductile and high-strength tungsten
allovs,

Status of Refractory Metal Development - 1959

The December 1959 presentations by the producers of refractory metal
products afford a good starting point from which to project the activities
of the Alloy Requirements & Selection Subpanel. Presented below is a sum-
mary of the alloys and ingot and sheet status as indicated by producer
presentations:

Molybdenum

(1) Climax Moiybdenum Company of Michigan was producing alloys from
8" diameter ingots, which were extruded and converted to sheet by various
subcontractors. Their alloys were Mo=-0.5Ti, Mo-0,5T1-0.072r, and Mo-0.05Zr.

(2) Sylvania was producing sheet molybdenum alloys by sintering of
tsostatic-pressed billets, 5-1/2" x 11" x 24'" long, in hydrogen furnaces,
snd rolling. They produced unslloyed molybdenum and had an Mo-1T10, alloy
under development.

(3) General Electric, Evendale, in collaboration with Universal Cyclops,
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was producing pilot arc-cast ingots, weighing 100 pounds, 8 inches in
diameter, of Mo-0.5Zr and TZC alloy, which were extruded and rolled.

(4) Fansteel was producing powder-metallurgy molybdenum, starting
with ingots 6 inches in disseter waximum. 1In alloys, they were developing
powder-metallurgy Mo-0,5T1.

(5) Westinghouse (Bloomfield Works) was producing 2-inch-d{ameter
powder~-metallurgy billets of propriecary dispersed second-phase molybdenum
alloys. They also produced an Mo-0.1C alloy, developed for Army Jrdnance
for improved hot-gas ernsion and transverse strength.

(6) Urniversal Cyclops was concentrating on process development, but
had produced production-size ingots of Mo-0,5T1-0.072r, Mo-0.5Ti, and
Mo-0.5Zr., The3e ingots were arc cast 8 inches in diameter, extruded, and
rolled,

Columbium

(1) General Electric, Evendale, was well along with process develop~
ment on F-48, made by arc ca: cing, extrusion, and rolling. Also, they had
processed a more oxidation-resistant, lower-strength alloy (F-50) contain-
ing titanium. Compositions were not disclosed at the time. Ingots were
6 inches in diameter, weighing 125 pounds.

(2) Union Carbide, in collaboration with other companies such as
Allegheny Ludlum, Crucible, Universal Cyclops, and Westinghouse, was en-
gaged in an active alloy-development prcgram centered around a series of
_proprietary alloys. The alloy development level was based on 4-inch-
diameter ingots.

(3) Du Pont was midway in setting themselves up as an integrated
c¢olumbium producer and had a series of titanium-containing alloys, D-31
(Cb=10T1~10Mo) and proprietary D=4l and D-42 under investigation at the
3-inch~diameter-, 50-pound-ingot level. They also had produced a D-31,
8-inch~diameter, 280-pound ingot. Du Pont was collaborating with Thompson
Products Company (now Thompson-Ramo-Wooldridge) on secondary fabrication
of columbium alloys into hardware. They were also planning their Baltimore
metal-conversion facility to be installed by 1960.
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(4) Temescal was concentrating on electron-besm-msited columbium-
and tantalum-base alloys. Their columbium-alloy candidates contained 15
to 20 per cent tantalum and 15 to 20 per cent tungsten. Their tantalum
alloys were based on additions of about 10 per cent tungsten. Their

largest ingot was 5 inches in diameter. Thke alloys were hammer forged
and then rolled to strip,

(5) Fansteel was working with arc-cast columbium alloys at the 4-inch-
d.ameter ingot level of the F§-80(0.72r-0,050), FS-82(33Ta~0.7Zr-0.050),
and FS-83, a proprietary alloy which later evolved as ?8-85.

(6) Alliison Division of General Motors, from a 1956<58 Air Force
study, evolved & columbium alloy designated GMR-Nb-1085 of undisclosed
composition. 1Its properties were similar to those of the General Electric
F=50 composition,

(7) Wah Chang had a joint columbium-alloy-development program with
Boeing, and was producing ingots 4 inches in diameter by a combination of
electron-beam and arc-melting methods., No information was disclosed on
their alloy-development efforts, but they had considerable production ex-
perience in producing F-438 ingots for General Electric-

(8) Westinghouse Research Laboratory had a columbium=-alloy develcp-
ment program at the 150-gram-button level with typical alloy composition
like Cb-5Mo-5V and Cb-5Mo-5V-1Zr (later turned out to be 8-66).

Tantalum

(1) Fansteel indicated that they had been producing Ta-7,.5W (under
the name of Tantalloy) by powder-metallurgy methods for electron~tube ap-
plication for over 30 years, and were now procuring electron beam melted
ingots of Te-10W from Temescal for processing into sheet. They had not
yet rolled any Ta-10W, but were aiming at a maximum 24-inch wide, 72-inch
long sheet size.

(2) Temescal pioneered electron-beam melting of tantalum, and were
successful in producing 5-inch-diameter Ta-l0W ingots, which they were
having rolled to 6~ to 12-inch wide sheet.
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(3) Westinghouse Research Laboratory had a Governmert alloy-development
contract, and were producing button~alloy data on Ta-8W-8Rf (later evolved
into T-111 and T-222).

(4) National Research Corporation was producing Ta-10W by double
consumable~electrode arc melting. Their ingot size was 6 inches in diameter.

Tungsten

(1) Pansteel was producing unalloyed and dopel tungsten rod and wire.
Through isostatic pressing and furnace sincering, they could produce bil-
lets up to 200 pounds.

(2) Sylvania could produce tu.gsten ingots, 7-3/4 inches in diumeter,
primarily for wire and massive pieces. They had not produced any alloy sheet,

(3) Firth Sterling primarily had experience with massive tungsten,
and hoped to work on tungsten sheet, primarilv of the thoriated-tungston
type. Their maxiuwum billet size by vacuum sintering was 10'" in diameter,

(4) Westinghouse (Bloomfield Works), aan nlde=line producer of tungsten
wire for the lamp industry, also had experience with isostatic-pressed and
furnace-sintered ingots, and, in fact, pioneered this process. Their al-
loy interest was largely based on thoriated tungsten, but they also were
interested in additions of carbides, such as W~0.38TaC.

guerall Sratus

At the conclusion of the presentations, the members of the Alloy Re-
quirements & Selection Subpanel each commented on their reactions. Some
of the individual reactions are rather revealing in the context of subse~
quent developments in the industry. A few of these are indicated below:

The activity of the refractory metal field is at an amazing
level considering the (small) potential size of the market.
Was surprised to see 80 many compenies in the field.

Overall, there has been a great deal of ailoy development and
this is rather fantastic considering the market,

Was encouraged at the large amount of advanced furnace and
fabrication facilitiee being installed by producers.

The stories on coatings were meager and apparently over-
optimistic,
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Chemical anelysis neesds attention,
There are littie data on quality and reproducibility.

Alloys of promise presented were Mo-0.5Ti{, Mo-0,.5T1-0.072x,
Mo-810,, F=48, D-41, Cb-5Mo-5V, Cb-5Mo-5V-12r, Ta-10W, unalloyed
tunxu:zn, and H-’l‘hoz.

Overall, it appeared to the Alloy Requirements & Selection Subpanel that
the producers of refractory mctals overestimatsd the market and under-
estimated the technical problems in refractory metals. The processing
technology for molybdenum was reasonably well estsblished, and molybdenum
alloy development was advanced to the point where reasonsbly well-opcimized
alloys could be selected., Ingot and mill processing procedures for colum-
bium and taatalum alloys were in a very undeveloped state. Many of the
columbium alloys that looked promising in 1959 subsequently have been dis-
continued, Tantaluw=alloy development was in its infancy., The processing
of tungsten sheet was not yet worked out. Most of the discussion of tung-

sten alloys stemmed from the use of thoriated tungsten in electron tubes,

Establishment of Technical Requirements
Applications

As a result of discussions and visits to organizations engaged in the
development of advanced aerospace systems requiring refractory metals, a
picture was evolved of the technical requirements. It appears that the
advanced aerospace applications for which refractory metals are considered
are primarily based on the resistance of refractory metals to aerodynamic

heating, melting, and liquid-metal corrosion, These will be discussed in
the following sections. '

Aerodynamic Heating., Aerodynamic heating is involved in re-entry
from orbit or outer space through flight corridors in which moderate heat

fluxes are sustained for relatively long periods, compared to ballistic re-
entry, e.g., the glide corridor projected for winged vehicles of the
DynaSoar type., Jn such vehicles, weight is saved if the thermal-protection
system employs refractory metals to radiate part of the heat, The choice
of a refractory-metal thermal-protection system relative to an ablative

system is enhanced if multiple re-entries are s~visioned.
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A second application for refractory metals involving resistance
to aerodynamic heating is in large hypersonic vehicles, such a3 the aero-
space plane or in hypersonic vehicles where low-altitude cruise is contem~
plated. In such systems, heat is sustained for s sufficiently long time
that ablation camnot be considered as an alternative thermal-protection
system because of ‘the prohibitive weight penalties that would be incurred.

The refractory metal thermal-protection system might be of the
hot.-structure type in which the stresses are borne by the refractory metal
structure itself. An alternative method is tn use a cooled structure of
nonrefractory metal separated from a refractory matal heat shield by insu-
lation. In this case, the stresz requirements are somewhat less demanding
than for the hot structure, but the temperatures involved are higher, and
there is equal need for high integrity, so that it is difficult to say
whether the hot structure or hest shield concept entails the more difficult
requirements.

The stresses to be withstood by the refractory-metal thermal-
protection system are, to a considerable extent, at the option of the
designer. It is to his bemefit to use refractory metals of the maximum
elevated~-temperature strength possible. Since the duration of the re-
entry may be relatively short, the structure might be designed on shert-
tims tensile properties at elevated temperature. In sustained hypersonic
flight, creep would be expected to be more important,

The aerodynamic heating application requires an oxidation=-
protection system, The coating choice may be influenced to a considerable
extent by the refractory-metal substrate, Properly, the selection of a
refractory metal for an aerodynamic heating application should not be
divorced from the coating, since both, together with the proposed environ~
ment, comprise a system, However, because of the undeveloped state of
coating technology, it proved impractical to consider coating performance
in the selectior of refractory-metal requirements,

Most thermal=-protection systems involving refractory metals
involve relatively thin-gage sheet of high quality relative to flatness
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and gage. Sheet size was of less importance, since, in many cases, it was
desirsble to restrict compcnent size to minimize thermal stress., The de-
sired method of assembly of the refractory-metal structure would be through
fusion welding, since a lighter seight structure would result. Welds in
such fusion-welded assemblies should have some ductility to withstand
residual and assembly stresses.

Containment of Flames. The use of refractory metals in nozzles for
solid propulsion rockets is primarily dictated by melting-point considera-
tion. The stresses on the flame side of the nozzle tend to be relatively
small, but severe thermal stresses develop on the cold back eide.

The choice of refractory metal in nozzles for solid rockets has
switched from molybdenum to tungsten as the flame temperatures rcse from
about 5000°F to above 6000°F. The addition of metallic elements, such as
aluminum, to the propellants results in an erosive condition, which is ap-
parently resisted by molybdenum and tungsten, but not tantalum, although
the addition of tungsten to tantalum improves this characteristic. Tanta-
lum in solid rocket inserts has turned out to be secondary to tungsten.

The type of nozzle insert also has gone through evolutionary
phases, Por a considerable time, there was strong interest in sheet-metal
liners cemented to graphite backings. However, firing tests have shown
that such inserts tend to he unreliable, and often buckle as a result of
the thermal expansion of the metallic liner relative to the graphite backing.
Thus, the incentive for development of large tungsten sheets for nozzle
liners was eliminated in favor of forged or infiltrated tungsten liners
with relatively heavy sections,

A long-range possibility for the use of sheet-refractory-metal
liners 1s with liquid-cooled liners. These have been made of both tungsten
and Ta-W sheet alloys, but the development has not been pursued because
of the phenomenal success of forged and infiltrated tungsten liners.

In a number of places, such as blast-tube liners and nozzle
inlets, sheet tungsten finds use in solid rockets. However, the mechanical=-
property requirements for such service are relatively modest compared with
the requirements for good fabricating characteristics.
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Liquid Metal Contajinment. The third major category for considering
refractory metals is the space-power~system application where it appears
that a considereable amount of refractory-metal tubing would be needed.
These technical requirements are covered in datail in the report prepared
by the Refractory Metal Tubing Subpanel. Relatively littie refractory-
matal sheet will be needed in this application.

Overall Summary. Tha chief aerospace spplications requiring refrac-
tory metal sheet alloys are involved in thermal protection against aero-
dynamic heating in manned re-entry and hypersonic vebicles. It was on
this application that the technical requirements for the Refractory Metals
Sheet Rolling Program were based.

AJA Survey of Refractory Metal Requirements

At the request of the Refractory Metals Sheet Rolling Panel, the
Aerospace Research & Testing and the Propulsion Working Comrittees of
AIA vere polled in mid-1963 with regard to the present and future firm
applications for refractory metals as well as the degree to which the
Refractory Metals Sheet Rolling Panel was responsive to curremnt and future
needs anu interests. Results of the survey are tabulated on the following
pages.

TABLE 1
A. Engine Manufacturers (16)

(1) Definite requirement beyond experimentation 12
Requirement for experimentation - 1
No requirement - 3

(2) Applications
Rocket motor vector control - 2
Control valves -1
Nozzles - 2
Ton engines - 2
Gas turbines = 5
Liquid metal piping - 3

(3) Continue research and development on refractory metal sheet?
Yes =13

No = 3
Waive = C
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(4) Tubing requirement

Yes -12
No - &4
Waive - 0
(5) Problems
Oxidation - 12
Fabrication - 8
Joining - 10
Brittleness - 8
Reliability - &4
Strength - 3
1iquid metal corrosion - 2
Fatigue - 1
Thin metal sandwich - 2
Recrystallization temperature - 2
B. Airframe Manufacturers (25)
(1) Definite requirement beyond experimentation
Yes -15
No requirement - A
Requiremeut for experimentation -1
Waive - 3
(2) Applications
Nozzles - 2
Radiation cooled motor - 2
Re-entry surfaces -5
Aexospace vehicle - 7
Recoverable booster - 3
(3) Encourage moxr2 research and development on sheet?
Yes - 18
No or waive - 2
(4) Tubing requirement
Yes - 13
No or waive 7
(5) Problems
Brittleness ~ 8
Thin metal sandwich - 3
Fabrication -9
Low modulus of columbium - 1
Recrystallization temperature - 4
Coating and oxidation protection - 13
Strength weight - 10
Joining - 12
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(5) Problems (continued)

Flatness - 1
Reliability - 1
Cost - 2
Weight - 4

C. Overall Conclusion
The aerospace industry has extensive needs for refractory metals
and endorses the Refractory Metals Sheet Rolling Panel,

In reviewing the AIA poll, the Alloy Requirements & Selection Subpanel
noted & lack of specificity in the "firm" requirements, except for a few
cases like X20 re-entry (since cancelled), ASSET, and solid-propellant
nozzles, Thus, they felt that many of the “'yz=s'" responses were really
"yes=1f" responses, dependent on securing system contracts. Thus, there
undoubtedly was a considerable degree of redundarcy in the response. How-
ever, the Alloy Requirements & Selection Subpanel was encouraged by the
high level of interest shovn and the endorgement of the Refractory Metals
Sheet Rolling Program., Certainly, refractory metals have emerged as a
clear requirement for advanced aerospace systems,

Ground Rules

To qualify an alloy for consideration as a candidate for the Refrac-
tory Metals Sheet Roliing Program, the Alloy Requirements & Selection Sub-
panel e»cablished minimum development status. Since it was recognized
that refractory-metal alloys were in many cases not highly advanced, sup-
port for pilot development as well as preproduction development was recog-
nized. The following minimum billet or sheet sizes were to have been pro-
duced in order to qualify for these classes:

(1) Pilot Development Status

Ingots or billets: 2=inch ninimum cross section
Sheet: 6 x 20=inch minimum size

(2) Preproduction Development Status
Ingots or billets: 6=inch minimum cross section
Sheet: 18 x 48~inch minimum size

A number of exceptions to the general ground rules were recognized

as being necessary at the outset. In order to cousider the possibility




~132~

of electron beam mslted columbium or tantsium alloys, which had a maxisum
3" dismeter copability at the cime, 5" section ingote and 12" x 36' sheets
@ere taken as correspouding to preproduction stetus, In tungsten, because
of the primitive stats of sheet development at the time, a sheet size of
6" x 20" wee taken as corresponding to preproduction as well as pilot
status, Sheet gages were taken as 0.010" and 0.100%,

Although disclosure of composition was not mandatory during presenta-
tion of an alloy candidate, producers were informed that disclosure would
have to be made 1f the allcy was recommended for the sheet rolling program.

Targets

After the curremnt and future applications for refractory metals and
capabilities of state-of-the-art alloys were reviewed, various targets
were sst for refractory metal sheet according to the following format:

(1) Fabricable molybdenum alloy

(2} High=strength molybdenum alloy

(3) Favricable columbium alloy
(4) Highestrength columbium alloy
(5) Pure tungsten

(6) Alloyed tungsten

(7) Tantalum elloys

(Table 2 gives the targets for refractory metal alloy selection as
presented to the main panel on March 1, 1960.)
Basis for Tzxjets

It was apparent from discussions with users of refractory metals that
both low strength as well as high-strength materials would be useful.
Where relatively low strength at elevated temperature was acceptable, very
high quality and producibility were generally desired, Therefore, it was
decided to set up targets for two types of molybdenum and columbium alloys.
The fivst type would be an alloy which was readily fabricable to wide,
thin sheet of high quality, which would be easily formed and joined by
fusion welding. The second class of alloys would be those which were quite
difficult to fabricate, but had considerably higher strength and recrystal-
lization characteristics at elevated temperatures. Tungsten appcared to

be the only refractory metal of interest in unalloyad form., The tungsten




-133-

TABLE 2. TARGETS FOR ALLOY SELECTION

O

Fab:lcable High-Strength Fabricable High-Swrength
Molybdenum Molybdenum Columbium Columbfwm
In Optdmum Compl. InOpumum Compl. InOprimum Compl. [hOpimum Con
Requirements Condition Recryst,  Conditdon Recryst.  Condition Recryst.  Condidon  Recr
Room-Temperature Tensile
Ultimate Tenslie Strength, ksi (a) (a) (2) (3) (3) (a) (2 (a
Yield Strength, 0,2% Offset, ks (a) (a) (2 (3) () (a) (2 (a)
Elong., per ceat 10 10 2 2 15 15 10 1
Elevated-Temperature Tensile Optimumn Condition Optimum Conditicn Optirmum Condition Optimum Condito
Temperature, F 2000 2400 2400 3000 2000 2400 2200 26(
Ultimate Tensile Strengtk, ksi 15 S0 15 25 50 20 £0 i
Yield Strength, 0.2% Offset, ksi 60 35 60 15 40 15 40 1
Elong., per cent (@) (2) (a) (aj (@) (3) () (2
Creep Rupture (State Stress and Elong.) at
Temperature, F 2000 2400 2400 3000 2000 2400 2290 26(
Rupture Time, hr 1 10 1 10 1 10 1 10 1 10 1 10 1 10 1
Recrystallization (In optimum condition)
50% by met. cbs,
Time 1Hr 1Hr 1Hr 1 Hr
Temgarature, F 2600 3200 240¢C 2800
Notch-Sensitivity - Ratio(®) 1.0 (RT) 1.0 (200 F) 1.1 (RT) 1.0 (RT)
Transition Temperature {In optimum condition)
In bending (4T) -40 RT -100 -40
Tensile, notched Srate State Stare State
Sﬂ'lOOth » o " "
Impact, Charpy " " " "
Room-Temperature, Bend Ductility
Base metal 1T 4T 1T 4T
Welded (Weld transverse to bend axis) AT State 2T 6T

STATE FOLLOWING:

Density

Melting Point

Emissivity

Modulus of Elasticity

Thermal -Shock Resistance

Creep Properties

Oxidadon Resistance and Ceatamination
Coatability

Experience with 45° Brittleness
Lamination Tendency

sttt

(3) To be furnished

(b) K 6.0, RA 40% (See ASTM Bulletin, January 1960, p 29).
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TARGETS FOR ALLOY SELECTION

——

i Fabricable High-Strength Unailoyed or High-Strength
Columbium Columbium Dilute Tungsten Tungsten Tantalum
FT.' InOptimum Compl. InOpimum Compl. I Optimum Compl., InOptimum Compl. In Oprimum  Compl.
rﬂ Condition  Recryst.  Condition  Recryst.  Condition  Rectyst.  Condizion Recryst, Condition  Recryst.
; (3 ) 1C) ) a) (a (@) @ ) (a)
| @ @ @ @ @ @ @ (2 @ @
r 15 15 10 10 2 (a) 2 (3 15 15
Opdmum Condidon Optimum Condition Optmum Condition Optimim Condition Opdmum Condition
2400 2200 2600 3000 3500 3000 3500 4000 2400 3000 3500
50 20 50 25 20 10 36 27 15 35 25 15
b 40 15 40 15 15 7 2¢ 18 10 28 16 10
() (a) O] (CY (8) (a) (a) (a) (2 @) Q@) (a)
2000 2400 2200 2600 3000 3500 3000 3300 2400 3000
P 1 10 1 10 1 10 1 10 1 10 1 10 1 10 1 10 110 110
1H: 1 Hr 1 Hr 1 Hr
2400 2800 State 3400 State
L1(RD 1.0 (RT) 1.0 (400 F) 1.0 (400 F) 1.2 RT)
-100 -4) +300 +300 -320
State State State State
1T 4T 4T (300 F) 4T (300 F) 1T
2T 6T State State 2T

:
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alloy, which appeared to be mdst advanced, wac the nonmstallic dispersion-
liardened type represented by thoriated tungsten. The high-strength tungsten
target was based on data from such material. Sinca the time of saiting the
tungsten alloy target, it has become apparent that much moze ductile tungsten
alloys could bc available than are suggested by the tungsten targets. These
are the rhenium-containing tungsten alloys. The relatively mesger amount of
information available on tantalum-base alloys indicated that these alloys
would have excellent fobricability as well ss high strength at elevated
temperature, and there was no need t> set separate targets for fabricable
and high-strength tantalum products., Also, it was felt thsat if a tantalum
alloy were to be used, it shouid not be at the sacrifice of fabricability,
including good weld ductility.

Comparison with AAAP Requirements

The short-time strength requirements for refractory metals suggested
by the MAP* appear to be fairly well met by RMSRP tasgets for high-strength
refractory metals, Although there are few data available on creep and rup-
ture properties of refractory metals (there are no RMSRP creep and rupture
targets), it appears that the RMSRP alloys barely meec AAAP creep and rup-
ture requirements in lower temperature ranges, and probably will fall far
short in the higher temperature ranges. Also, it is apparent that the
RM3RP alloys are responsive to tha various individual but not to the com-
bination of target properties of the AAAP report.

A comparison was made between the tensile target properties (not
compensated for density) given in the AAAP report and the RMSRP targets
for high-strength alloys. The RMSRP targets agree remarkably well with
the AAAP targets, despite the fact that there was no exchange between the
groups in setting up the targets. The AAAP targets were based on proper-
ties designers thought they would need, while the RMSRP targets were based
on what materials people thought could be achieved,

*MAB Alrcraft & Astronautics Applications Panel, MAB-139-M(AA3). Phase II
Report (Classified), July 31, 1961,
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Recommendations

In order to understand the scemingly aimless and contradictory course
of the Alloy Requirements & Selection Subpanel in their comsiderations of
refractory metals, it is necessary to realize that the alloys and processes
vere being developed and modiffed 28 the program proceeded through the
years, Thus, the information will be presented through the summary tables
in compliance with ARSS targets and recommindations made at the various
meatings where presentations were made,

Recommendation of Uniform Evaluation

May 20, 1960

It 18 recommended that, fn the future, provision be made for uniform
evalustion of refractory metal alloy sheet candidates nominated by various
producers to determine their compliance with terget properties,
(Recommendation implemented).

August 24, 1960

The conditions for uniform evaluation and tests agreed upon were set
as given below:

(1) The material evaluated should have been produced in a sheet of
the size meeting the ground rules, and be of a thickness between 0,040"
and 0.0627,

(2) Triplicate tensile tests, longitudinal and transverse, shculd
be conducted at room temperature, at a strain rate of 0.003 to 0.007 per
minute to yield, and 0.08 to 0.12 per minute to fracture.

(3) Elevated-temperature tensile tests in the longitudinal direction
should be conducted at 2000°F and 2400°F in a vacuum of 0.1 micron Hg or
better.

(4) Rupture tests should be conducted at 2000°F and 2400°F within a
range of 1/3 to 1/2 of the ultimate tensile stremngth to establish the l-hr
and 10-hr rupture stress. The rupture specimen should be wrapped in tanta-
lum foil, and th2 vacuum should be 0.1 micron Hg or better. The specimen

should be soaked at least 1/4 hr before testing. The Knoop hardness
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gradient across a section of the specimen should te determined after rup-
ture testing to ascertain absence uf contamination.

(5) The recrystallization temperature of the as-received material
should be determined after heating in vacuuwm for 1 hr at successively
higher temperatures. Microscopic examination and hardness changes should

be used to estimate the temperature for 50 per cent recrystallization.

(6) The longitudinal and transverse bend ductility should be deter-
mined on specimens, about 1" x 3", at a head speed of about 10" per minute,
using a male die punch with varicui nose radii in accordance with the
procedures recommended by the Titarium Sheet Rolling Program (MAB-137-M).
Sufficient specimens should be testad so that the minimum bend radius is
determined to within 1T, using duplicate specimens.

(7) The bend transition tamperature should be determined within a
bracket of SOOF, using a male die with a 4T bend radius. Longitudinal
specimens should be used,

(8) The weld ductility should be detecrnined on 1" x 3" specimens
with the weld normal to the bend axis and the weld bead grovnd flush, The
specimen should have an actual weld joint, not bead on plate. If filler

material is used, it should have the same composition as the base metal,

(9) Thermal stability should be determined from the residual bend
ductility at room temperature aiter a 10 hr, 2400°F unstressed exposurrs
in vacuum, Duplicatea longitudinal bend specimens should be used.

(10) oOxidation tests will be conducted by expusing test coupons for
10 hrs at 2400°F in movin, air. Metal loss and extent of internal con-
tamination will be measured. Contamina:ion will be indicated by a Knoop

hardness transverse across & section of the exposed specimen,

(il) Lamination tendency will be determined by reverse bending
duplicate specimens lLent through the minimum bend radius and observing
laminations, if any.
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(12) A chemical analysis will be conducted for nominal allcying
elements and interstitials (C, N, 0, and H).

Molyhdenum Alloys
May 20, 1960 (See Table 3)

(1) It is recommended that only one arc cast molybdenum sheet alloy
in addition to Mo=0.5Ti be included in the Refractory Metals Sheet Rolling
Program, This second alloy is Mo~0.5Ti~0.08Zr. As the second alloy for
the Universal-Cyclops program, a comparisor of two arce-cast molybdenum
sheet alloys by a single producer will thus be provided.

{2) 1t is recommended that a second producer for the Mo-0,5Ti-0.082r
alloy be provided tov give a comparison from producer to producer for e
single alloy. On the basis of the information presented to the group, a
second producer should be Pansteel Metallurgical Corporation or Climax
Molybdeiium Company.

(3) No arc-cast molybdenum candidates of the high strength class
were found sufficiently advanced in sheet form to warrant support by a
sheet rolling program. Mo-1.5Cb, Mo-25-C,.12r, and Mo-1.25Ti-0,15Zr-0.15C
are examples of high strength molybdenum ailoys of considerable interest.
It is recommended that those organizations that presented these alloys as
candidaces qualify them in sheet form and obtain data on them in conformance
with the target property of the Alloy Requirements & Selection Subpanel.

November 30, 1962

(1) The Alloy Requirements & Selection Subpanel was impressed by
the great progress that hed been made in the quality of high strength
molybdenum sheet glloys produced by the arc cast and powder metallurgy
methods.,

(2) A considerable amount of development work is in progress on both
arc-cast and powder metallurgy alloys, indicating that even more interest-

ing alloys may be forthcoming in the future,

(3) The Navy apparently plans to support the development of high

strength molybdenum alloys of the TZC type at the 4" diameter ingot level.
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It is also understood that the Manufacturing Technology Laboratory of the
Alr Force plans to support sdditional work aimed at solving the high
strength molybdenvm ingot cracking problem, at sizes of about 4" in diemster.

(4) The TZM alloy (Mo-25W-0.12r-0,03C) of Climax did not appear to
the Alloy Requirements & Selection Subpanel to show sufficient advantage
over the TZC (Mo~1.25T1-0.32r-0.1C)} type of high-strength molybdenum alloy
to warrant sheet rolling program support.

(5) The Army Materials Research Agency at Watertown was authorized
to evaluate TZC (Mo0-1.25T1-0.3Z2r-0,15C) and MIC (powder metallurgy Mo-9.5Ti)
sheet submitted,

(6) 8Since it appesred that those things which needed doing to permit
further judgment of high-strength Mo sheet were, indeed, being done, further
action by the Alley Requirements & Selection Subpanel was deferred until
Spring 1963, at which time the status and progress of both arc cast and
powder metallurgy alloys will be reviewed, '

April 17, 1963 (see Table &)

(1) Climax TZC alloy, produced by arc melting, extrusion, and rolling,

met the ground rules for pilot production and could be considered as a
candidate for preproduction sheet rolling status., It is apparent that
Climax has made excellent progress in producing a Mo alloy with high
strength, heat treatability, and low transition temperature, with gocd
prospects for production~type producibility. The elevated temperature
strength of arc melted TZC with conventional processing corresponds to

the fabricable rather than the high-strength class.

(2) A sheet of Climax TZC alloy at its present stage of development
is recommended to be evaluated by AMRA, If this evaluation bears out the
present favorable indications of the Climax data, the arc cast TZC Mo
alloy would ba recommended for a preproduction-type contract.

(3) It is understood that Climax is working under a BuWeps contract
to develop optimum processing for TZC. When thies work has proceeded to
the point that optimum processing sheet is available, sheet material so

processed should also be evaluated by AMRA for uniform evaluation,
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(4) The Manufacturing Technology Lsboratery of the Air Force is
considering a program on cracking in large Mo ingots. It is recommended
that the MIL contract, wvhen swarded, should cover the TZC elloy, or its
equivalent.

(5) Sylvania has encountered considerable difficulty in producing
powder metallurgy TZC Mo aliloy, and was not in a position to recommend
the alloy.

(6) The powder metallurgy TZM mlybdenum alloy produced by Sylvania
appears to have an elevated temperature strength advantage over arc-cast
TZM. In fact, the powder metalluryy TZM has elevated temperature strength
comparable to that of arc-cast TZC. The producibility demonstration of
powder metallurgy TZM was limited, however. Since high-strength class Mo
alloys were being considered, it was decided not to make any recommenda=-
tions on the Sylvania TZM candidate.

Columbium Alloys
July 7, 1960 (see Table 5)

(1) It was concluded that most of the alloys presented to the Alloy
Requirements & Selection Subpanel on July 6 and 7, 1960, were not suffi-
ciently developed to warrant selection a: the present time,

(2) 1t was recommended that du Pon': D=41, one of the Temescal alloys,
Union Carbide CB~74, General Elec.cic A%=55, and Fanstuel Cb-Ta-W-Zr alloys
be provided by the producers to Watertown Arsenal Laboratory in sufficient
quantities to permit uniform evaluation,

(3) Columbium alloys no longer being considered for alloy selection
are Fansteel 82-B, General Blectric F-48, and du Pont D-31,

(4) 1t 18 recommended that selection of a columbium=sheet alloy be
deferred until November 1960,

(5) Evaluation of the various alloys presented on July 6 and 7, 1960,
were as follows:
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(a) du Pont D-3i should be eliminated from further consideration
as not having as good potential as du Pont D-41, Also, it appears that the
D-31 alloy will be selected as the second columbium alloy ia the Air ¥orce
coluabium sheet-rolling program.

{(b) du Pont P-4l is of coatinuing interest. However, it ie not
yet far enough alony in sheet form to permit estimation of its probable
produzibili.y, or comparison with target propertiee.

(c) Temescal Cb-W-Ta-Mo-Zr alloys. Very little evaluation data
were provided on this group of alloys. They are of continuing interest
because of their cold-rcllability and attractive strength at elevated tem-
peratures. A composition still has to be fixed and more evaluation data
obtained,

(d) Union Carbide CB-74 is of contiunuing interest to the Sub-
panel, When sufficient sheet has been rolled to qualify for ARSS ground
rules, and evaluation data in compliance with the target properties are
avajilable, it should be further considered. y

(e) General Electric F-48 was eliminated from further consider-
ation because of the fabrication difficulties which have been associated
with this alloy. Its elevated-temperature strength did not appear to shew
advantage over more fabricable alloys. Weld snd recrystallization embrit-
tlenrnt are serious disadvantages. The alloy is in the Air Force sheet-
rolling rogram, and will be evaluated in any case.

(f) Genersl Electric A8-55 is of potentfal interest to the Sub- i
panel as a fsbricable high-strangth columbium alloy. After compliance with
ground rules and targets are available, it should be further considered.

(3) Fansteel F8-82-B was eliminated from further consideration
as not being so attractive as Fansteel PS-83, Cb~Ta-W-Zr alloy.

(h) PFanstesl Cb-Ta-W-Zr alloy is of concinuing interest to the
Subpanel as a fabricable, weldable, high-strength columbfum sheet alloy.
Its elevated-temperature strength is particularly noteworthy in view of
its excellent fabricability., It sppears among the most attractive of the

alloys presented thus far.
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March 1, 1961 (see Table 6)

(1) 1t is recommended that proposals be solicited from the Fansteel
Metallurgical Cowmpany on their Cb-24Ta-10W-12r sheet alioy and from Union
Carbide Metals Company and Haynes-Stellite on their Cb-10M=-5Zr sheet alloy
for development under the Navy Department Refractory Metals Sheet Rolling
Program from their present pilot status to preproduction status,

(2) The proposals should contain technical information pertinent to
the alloy cendidates in compliance with the target properties, including
any supplementary information to that originally presented. In particular,
information on fusion weldability and fabrication characteristics is de-
sired. These proposals will be considered by the Navy Department with the
Alloy Requirements & Selection Subpsnel, and a final selection made between
the two alloy candidates for recommendation.

{(3) Further consideration of columbium alloys will be held through
a review of the colusbium zllecy situation in absut & months,

{4) The evsluations provided were disappointingly incomplete, and
it is hoped that, through the uniform evaluation at Watertown Arsenal
Laboratory, this situation can be alleviated.

August 8, 1961 (see Table 7)

(1) The Alloy Requirements & Selection Subpanel concluded that the
two alloys (Fansteel F3-85, (b=277a<12W-1ir, and Union Carbide (b-752,
Cb~100-42r) were at a standoff with respect to the columbium sheet target
properties, but that the Fansteal alloy had greater potential for producing
high-qualit; sheet. The Fanstesl alloy, therefore, was recommended for
support,

(2) 1t was further recommended that, if possible, there should be a
second producer for the Cb-Ta-¥-~Zr alloy, and cthat consideration should
be given to organizations with advanced fabrication facilities, particu-
larly designed for refractory metals, like Esynes-Stellite or du Pont, as
the second producer,
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\
TABLE 6. COMPLIANCE OF COLUMBIU

(Presented at Marcl

Target
High General Electric Du Pont
Fabricanon  Swength AS55 F48 D31s D31 D41 D99 B22
Type Fab. High strength Fab. Fab. igh strength Fat. Fab.|
Composition oo oc Prop. 15W-5Mo-12¢- . Ti-10Mo-  10T1-10Mo 10Ti-20W- 10Ti-5Zr lTi-ll
6.05C 0.1C 8M\o SHf
Max Ingot Diam, in. oo o0 4-1/2 ] 3 8 3-3/4 3 2-1/
Max Sheer Size. in. oo oo 1-1/2x 15 14 x 60 9x 12 25 x 31 S5x 10 10x 20 6x2
6 coil
Room-Temperature
Tensile
Stress Relieved frue fry- 153 g, fiy. 10 76-66-14 122-111-16  142-124-14{(B) 100-95-15 130-127-8 114-108-T 59-38-
Recrystallized fy - ‘t)" 15 fou- fty- 10 68-55-28 117-102-18 ND 96-85-35 127-118-1c  80-70-21 ND
Elevated-Temperature
Tensile
2000 F 50-40- -- 34-32-26 oD 40-37-47(B) 30-24-25 == 23-23-48  36-28-]
2200 F o 50-40- 21-16-50 40-37-20 oo -- 49-47-20 -- 21-20-
2400 F 20-15- .- -- .- .- 10-10-15 34-29-3 o0 oo
2600 F -- 25-15- .- -- .- .- -- -- --
Stress-Rupture Strength
Temp, F/time, hr  2000-2400 2200-2600 2000/10 2200/10 2¢00/10 2000/10 2000/10 ND ND
Strese, ksi == oo 30 25 >10 <14 11 23
50% Recrystallization 2400 2800 2300 2500 <2700(1009%) 21-2300 2400 ND <255
Temperature, F
Notch Tenslte(€) L.IR.T.) L.OR.T.) ND 0.85-1.0 ND ND ND ND ND
2T Bend Trans., F -100 =40 ND <-100 <200(L)>8)(T) -3201t0 49 ND <-320 \D
Bend Ductility
Base 1T 4T <3T 0.47 2T aT 3T "V good" ND
Weld 2T 6T <4T Brittle ND “Limited” He “V good” 2T(20(
Density, g/cc o -- -- 9.4 8. 08 8. 08 3.6 7.0 8.5
ta) Ultimate tensile strength in ksi, 0.2 per cent offset yield in ksi, and per cent elongation in 1 inch. (B) refers to bar data, otherwise data are
(b) Data provided by General Electric.
(c) ASTM edge-notched sheet specimen, 30 40 per cent notch depth, less than 0. 001-inch notch radius. (ASTM Bulletin, january, 1960, p 29.)
r e - . . . A
! Ppavious pagee ware blank, therefere not filmed. J
‘M.Am‘;"r’l-v ————  ~—— -




r COLUMBIUM-ALLOY CANDIDATES WITH TARGETS

Inted at March 1, 1961, Meeting)

Union
Westinghouse Wah Chang Carbide Stauffer Metals
P B22 B5S B66 B77 C-103 C-120 (0374) SCB-41 -61 -218 =231
Fab. Fab. Fab. Fab. Fab. High strength Fab. Fab. Fab. Fab. Fab.
SZr 1Ti-1Zr- 5V -SMo 5V-5Mo-1Zr 10W-5V-1Zr 10Hf-1Ti- (EB F48) 10W-5Zr Prop. Prop. Prop- Prop.
SHf 0.5Zr
2-1/2 3 3 3 3 4 4 1-1/2 1-1/2 3 5
20 6 x 24 None 3-1/2x 12 4x18 6x 36 Unknown 15x 15 6x24 6x24 6x 38 6 x 36
oi 1
b-? §9-38-22 110-94-43 113-88-31(B) 128-102-15(B) 93.5-88-9 o0 97-84-20 139-7 136-7 118-113-3 120-8
.21 ND ND ND ND 56-42-33  (102-90-21)(P) 87-12-25 ND ND  67-52-23  66-51-20
b48  36-28-30 41-36-56(B) 54-46-38(B) 64-60-26(B) 26-18-62 50-42-14 52-45-8 66-57- 59-51- -- --
21-20-9 28-26-60 41-38-35 43-39-49 -- .- 36-31-16 57-49- 51-45- - --
-- -- -- -- -- 26-19-38 -- 45-39-  41-35- --
- -- .- 18-16-80 -- -- -- 35-29- 33-27- -- --
P ND ND ND ND ND ND 2000/10 ND ND 2400/10 3000/10
33 9 4
) <2550 ND ND ND 1900 @000® 2400 2400 2400 ND ND
} ND ND ND ND ND ND ND ND ND ND
po ND ND ND ND <-320 ND ND ND ND ND
jod " ND ND ND ND 0.5T ND <1T Poor Poor “V good” 1T
jod”  2T(200 F) ND 1D 2T(400 F) 0.5T ND ND KZ1)
100%
efficient
» 8.5 8.8 8.5 8.5 8. 85 9.4 9.1 oo .- .- --
Tlise data are for sheet inaterial. ND indicatesno dota supplied. n
1960, p 29.)
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April 17-18, 1962 (see Table 8)

(1) Two solid-solution sheet alloy candidates, F$-85 (Cb-27Ta-10W-12r)
and B=66 (Cb=-5Mo~5V~12r) should de given a preliminary evaluation at the
preproduction level, by having two preproduction ingots of each alloy pre-
pared and fabricated by both FPansteel and Westinghouse.

(2} BEvaluation of the preliminary msterial should be conducted by the
producers themielves and by Watertown Arsenal Lasboratory t¢ provide the
basis for a contract to one of the two producers on one of the two alloya.

(3) du Pont's X-110 (D-43) alloy apparently requires special processing
to develop dispersion-hardening characteristics. 1t is understood by the
Alloy Requirements & Selection Subpanel that du Pont will take over the
Alr Porce columbium sheet rolling contract. 1If so, the ARSS strorgly en-
dorses X-110 as one of the alloys to be included in the contract. This en~-
dorsement will be tendered to the Air Force by the Materials Advisory Board,

(4) Watertown Arsenal Laboratory evaluation of Westinghouse B-66 and
du Pont X-110 is nct yet available., Implementation of the above recomsenda-
tions will be contingent on the WAL check of the producer information.

(5) Independent evaluation 5f the weld ductility to confirm the pro-
ducer information should be provided by an independent labcratory. Battelle
Memorisl Institute, through DMIC, was mentioned as a possible labcratory.
The welding should be dore under contamination-free conditions without use
of filler other than the base alloy, on strip specimens at least 1" x 2",
0.062-inch minimum gage. Testing should be accordance with the Materiale
Advigory Board recommendation of 10 inches per minute with the bend axis
perpendicular to weld. '

The Alloy Requirements & Selection Subpanel evaluaticor of the zlloys
are summarized below:

(a) Fansteel F8-85: The advantages of this alloy are gcod hot break-
down and cold-finishing characteristics, teld ductility, and
high-tempersture astrength. The alloy meets all the ARSS targets.
However, ite high density, resulting from its tantalum and
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TABLE 8, COMPLIANCE OF COLUMBIUM-ALLOY CANDIDATES WITH FABRICABLE A

(Presented at April 17, 18, 1962, Meeting,)

Fansteel FS-85 Haynes Stellite CB-752 Du Pont
Compasition Target (Cb-27Ta-10W-1Zr) (Cb-10W-2, 52r) (Cb-10W- ]
Room -Temperature Tensile
Stress Relieved fru, fry, 156 109-92-14 (82.6-89,7)-(64.3-73, 6)-(18-28) 97-11
(94-71-23)b)
Recrystallized frue frye 162 94-70-25 (95-19-20)(® 77-2-
Elevated-Temperature
Tensile (5
2000 F 50-40- 55-43-20 (43-50)-(29-39)-(22-38) 47-40
(45-36-11) L, (50-42-10) T(D)
2200 F - - 26-18-27 36-25
2400 F 20-15- 27-19-55 (21-26)«(14-23)-(71-66)(D) 26-22
(21-10-35) L, (25-12-21) <)
2600 F .- 13-15->80 oo .-
Stress-Rupture Strength, |
ki
2000 F
1hr State 30 -- 31
10 hr State 25 (est.) (26)(? 23
2200 F
1hr State -- -- .-
10 hr State 19 20 o0
2400 F
1hr State 16 -- .-
10 hr State 13 -- .-
50% Recrystallization
Temperature, F /2 Hr) 2400 2500 (Metailog.) 2300 240(

2100 (Mech. prop.)
Transition Temperature, F
4T Bead -100 <-320 <108, >-320 (4T)D) -100 (
Tensile State <-320 <32, >-40 oo

Room - Temperature Bend

Ductility
Base 1T IT oT 1T
Weld 2T 4T aT <eT
Density, 1b/in.3 State 0.391 0.325 0.32

(a) Ultimate strength in ksi, 0,2% offset yield strength in ksi, and per cent elongation in 1 inch,
(b) Watertown Arsenal data (on CB-752 corresponds to 3,25Zr material).

f . - e s
' i Pravicus pages were blank, therefors not filmed. J
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PLUMBIUM -ALLOY CANDIZATES WITH FABRICARLE ALLOY TARGETS

IPresented at April 17, 18, 1962, Meeting.)

—
—

Haynes Stellite CB-752
(CL-10W-2, 5Zr)

Du Pont X110 Westinghouse B-66 General Electric AS-55
(Cb-10W-1Zr-0,1C) (Cb-SMo-5V-1Zr) (Cb-5W-1Zr-0,06C-0.2Y) as Y, Q)

(82.6-89, T)-(64.5-13,65-(18-28) 97-71-16 114-93-25 (75-109)-(65-95)(14-23)

(95-79-20)(% 17-2-12 107-82-34 68-55-28

(43-50)-(29- 39)-(22-38) ) 47-40-16 60-48-23 (30-40)-(25-38)-(25-15)
26-18-27 36-25-17 45-40-26 (24-30)-(16-28)-(24-50)
(21-26) 14-23)-(71-66)(D) 26-22-28 30-29-30 o
- 31 -- --
26D 23 co 24
.- .- 25 22
20 -- 17 17
-- -- 11 --
55 oo 7 ac
2309 2400 2300 2200
<108, >-320 (4T)(P) -100 (2T) <-320 -100
<32, >-40 oo <-320 --
oT 1T IT 0.37T
aT <oT 2,5T 47(-100)
' 0.325 0.226 0.305 0.319

ngation in 1 inch.
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tungsten content, is disadvantageous, and reduces its high-
tzmperature strength on the strength-weight basis.

(b) Haynes-Stellite CB-752: This alloy has excellent cold-finishing
characteristics. However, hot fabricating characteristics are

reportedly poor, and extrusion and rolling in protective metallic
packs appears necessary., Another concern is lowering the zirco~
nium content from 5 per cent to 2.5 per cent, which is accompanied
by a loss of high-temperature strength. The data available on
low-zirconium CB-752 are meager, but evaluation of this material
under the Air Force ASSET program is expected to provide this
information,

(c) duPont X-110: This is a promising dispersion-hardening alloy
which meets ali ~f the ARSS targets. Special processing is re-
quired to develop the desired fine dispersion of zirconium car-
bide, 8o far, the process has not been demonstrated beyond the
4-inch-diameter-ingot stage. It is understood that the dispersion-
strengthening effect is lost as a result of welding or recrystal-
lization. '

(d) Westinghouse B-66: This alloy has excellent cold-finishing
characteristics and highest strength at elevated temperature of
any of the candidates. Originally, it was reported to have poor
weld ductility, but this has been reported to have been improved
by reducing the inte-stitial content, There still remains some
concern over its weld ductility, which will require independent
confirmation of weld ductility.

(e) Geperal Electric A8-55: This is a dispersion-hardened alloy
developed originally for tubing. Only laboratory-size sheet has

been fabricated, and the alloy has not passed the ARSS ground
rules for sheet, It is understood that NASA is supporting a
study of processing of this alloy, and that further information
on the properties of the sheet form, on at least a pilot level,
will be forthcoming.

A

PR o

| Previous pagee ware blank, therefore not filmed. J
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(f) Wah Chang C-129: This alloy has excellent fabrication charac-
teristice but i{s not ductile in the as-welded condition, and was
not further considered for alloy selection, which was primarily
for the weldable alloys.

December 13, 1963 (see Table 9)

(1) The Alloy Requirements & Selection Subpanel decided to recommend
FS=85 over the others categorized above on the basis of the alloy's excel-
lent primary and secondary fabrication characteristics, including welding,
and its excellent creep resistance. Since the processing schedule of
FS=-85 appears to be well worked out, with no problem areas, the Phase I
evaluation should be limited to reproducibility characteristics and
property evaluation.

(2) The B=66 alloy (Cb=5V=-5M0=1Zr) was considered to have marginal
fabricability, Its elevated-temperature property, particularly creep,
offered no advantage over more fabricable alloys.

(3) C-129-Y (Cb-10W-10Hf-0.1Y) had equivalent producibility and
ductility characteristics to F$-85, but its elevated-temperature strength
potential was not as good.

(4) D=43 (Cb-10W-12r-0.1C) and 0G=752 (Cb=-1l0W~-2Zr) are both presently
in Air Porce saeet rolling programs and were not considered in the recome-
mendation for a Navy program cther than for comparison purposes. Both al-
loys seem to be of the same type, with D=43 offering a better overall com-
bination of processing, fabrication, ductility, and strength characteristics.

(5) Overall, the Alloy Requirements & Selection Subpanel recognized
D=43 and F8-85 as two outstanding columbium sheet alloys to be supported by
production sheet rolling programs,

(6) The Alloy Requirements & Selection Subpanel recommends to the
Navy an evaluation-type sheet rolling program on Fansteel FS-85, Sufficient
material should be produced, according to Pansteel's optimum schedule, to
the MAB quality specification, for Phase I (Evaluation & Reproducible
Demonstration), Phase II (Design Criteria), and Phase III (Component
Pabrication). '
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Tantalum Alloys
Bovember 3, 1961 (see Tsblia 10)

(1) Although certain of the candidate alloys showed promise by mest-
ing mo : of those target properties for which data were provided, no alloy
fully met the target properties. The Battelle Ta-30Cb-7.5V alloy substan-
tially met target properties at 2400°P, and the Westinghouse Ta-8HE-2%
alloy at both 2400°F and 3000°F (based on undersized-ingot data). In no
instence was all of the essential information provided. For these and
other reasons, Refractory Metals Sheet Rolling Program support is not
recommended at this time for any candidate alloy. (Comment: Oue of these
alloys, Ta=30Cb-7.5V, will be supported by a U. 8. Air Torce sheet rolling
project. Another, Ta-8W-2Hf, will be part of a U. 8. Navy alloy scale-up
and optimization program.)

(2) The alloy Te-10W is considered by the Panel to have attained
commsrcial status and does not require development support.

(3) Additional property cata should be requested from Westinghouse,
Stauffer, and Fansteel in order to enable consideration of their candidsnte
slloys. It should be advised, however, that reported ductility values of
the Stauffer and Fansteel candidates do not meet the target, and make:;
their ultimsate acceptance unlikely.

(4) The Ta-10Hf-5W alloy is considered too deficient in weldability
to warrant support.

(5) Stauffer and Westinghouse are agreeable to supplying a represanta-~
tive sheet at least 2 square feet in area of their respective alloys: Ta-
10W modified and Ta~8W-2Hf., These sheets will be forwarded to Watertown
Arsenal Laboratories for testing marked for the attention of Mr. Thomas
DeS8isto. Battelle does not have material on hand, but will explore the
possibility of providing for testing a like sample through Air Force and/
or du Pont cooperation. ’

(6) The uncertain supply situation and the changing applications
picture necessitate further information in order to determine the level

for recommended support of tantalum-alloy development. Accordingly, data
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TASLE 10. PROPERTES OF CANDIDATE TANTALUM ALLO

(As Presented at November 3, 1961, Meering)

|
Pattelle Battelle Wah Chang Nationa!
Target (30CH-71-1/2V) (10Hi - 5W) (10w) (1
l
Boom -Temperawre Tensile, Swress-Relieved Condition S. R Anncaled S.R Annealed ‘
Ultimate Tensile Strength, kst 15% 120 135 105 200°) 98 (189)
Yield Sueagth, 0. 2% Ofiser, ks 140 104 130 98 197 90~ (169) |
Elong., per cemt 15 15 28 15 25 4 124~ 4
“Numbers in parentheses are
**Propestics are syess-relieved
Eevated-Tempersture Tensile, Saes-Relieved Condition l
Temperature, F 2400 3000 3500 2400 2000 3500 2400 30600 3500 2200 F 2500 F
Uitmate Temsile Swength, ksi 33 25 15 33 9.5 -~ 3 18 11 61 22
Yield Swength, 0.2% Offses, ksi 28 15 10 21 5.1 O 31 151 (8) 55 20
Hong., per cem LT 2 -- &1 100 o0 35 51 (53) 4 2
Stress Rupture (Seate Stress 22d Elong. ) at
Tempezature, F
Raprure Time, hours T
1-Hr Recrystallization (In optimum ccodition)
50% by met. obs. Siate 2200 F 2490 F 2500 2500 F
Notch-Sensitivity Ratic .21
Transition Temperature (In optimum condition)
In bending (4T) -320 ~320F <-320F
Tensile, notched
smooth -320F <320 F
impact, Charpy ~Slightly above
nitrogen zemp
Room -Temperature Bend Ductility
Base metal 1T oT 2-4T 4T
Welded (Weld transverse to bend axis) 2T eT Brittle
STATE FOLLOWING
Density, 1b/in’ 9.429 0.599
Melting point 4405 ¢ 90 Sa24 2 90 |
Emissivity |
Modul .+ of Elasticity, 106 psi 21 2
Thermal-Shock Resistance ‘
Creep Properties \
Oxidation Resistance and Contamination Slighdy betrer than Ta
Coating No effect of coating cn mechanical properties \
Experience with 45° brittleness No tendency noted No tendency noted 1
Lamination tendency No tendency noted No tendency if properly rolled
Ingot size 2" 3-1/2" Dia. x 6" 3-1/2" Dia, x 6 8" Dia, x 24 5-1/2"
Sheet size 6 x 20 5 x 43 x 0.045 5 x 20 x 0,045 15x 48 x 0.030 24 x 96 x 0. 030
Status

Zommercial

Commercial 1




10. PROPERTIES OF CANDIDATE TANTALUM ALLOYS

(As Presemed st November 3, 1961, Meeting)

Bautelie Wah Chang Natioaal Research Corporation Westinghowse Fansteel Stauffer Stauffer
(10Hf - 5W) (10w) {(10W) (8W - 2Hf) {10-1/4W -0,15Zs) {10V Modified) (Mark 11)
L R Annealed
135 105 200%) 98= (180) 135 133
330 98 197 90~ (160) 130 130
15 25 4 12+~ 4 15 2.1
*Numbers in paremheses are estimates
*Properties are stress—elieved
LOO 3000 3550 2200F 2500 F 3000F 3500 F 2200 2500 3000 2400 3000 >
39 18 Q1) 67 22 18 1.5 385 5 20.5 39 13 [ E
31 15,7 (8) 85 20 13 1.2 78 38 19.5 38 14 B a :
55 51 (53) s 2 25 n 15 2 60 19 n 25 <
‘e
23 :
v i
At 2200 F and 19, 000 :5
psi. crept 0, 068%/hr. b
with R.L. of >1.5 hrs, 38
at 2600 F and 16, 000,
1.15%/us. & 9.8 hes,
{280C F)
2400 F 2600 2500 F 25% aft. 1/2 hr. 2600 (2800 F) (2600 F)
at 2730 F
<-320 F <-320 F over 3T Mote than 2T
<~320 F <-320 F
“Sghtly above liquid- =190 {-70)
nitrogen temperature”
2-4T 4T 0T
rittle 1.3T
0.599 0.604 0.62
5414 2 90
28atR.T.; 7 at
217 2400; 7 at 3000
jan Ta
mechanical properties None observed
Jo tendency noted None observed using
o tendency if properly rolled reverse bending
Ll/2" Dia, x 6" 8" Dia, x 24 5-1/2" Dia, 3" Dia, 2".Dia. 5" Dia. x 40 5" Dia.
x 20 x 0,045 15 % 48 x 0,030 24 x 96 x 0.030" 6 x 24 x 0, 020" 6 x 20 x 0, 030" 12 x 24 x 0.060" 4 x 2¢ x 0, 060"
Commercial Commercial Commercial

o
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tending to resolve these questions should be acquired and reviewed by
late 8pring, 1962, with the possibility in mind of recosmmending support in
& sheet rolling progras at chat time,

April 17, 1963 (see Table 11)

(1) The T-111 tentalum candidate (Ta-fW-2Hf) has been withdram by
Restinghouse i{n favor o & modified T-111 (Ta-10W-2,5Hf-0.01C; composition.
Ingots and sheets corresponding to the ground rules for pilot status have
been produced of the modified alloy.

(2) The Westinghouse modified T-111 alloy met the Refractory Metals
Alloy Requirements & Selection Subpanel propsrty targets, excepting 3500°F
tensile strength, and possessed a woderate but aignificant improvement in
elevated-temperature strength over the commercial Ta-1O0W alloy. However,
it was noted that many of the desired target properties were not determined,
and that there was a discrepancy between the Westinghouse ==d AMRA croep-
rupture-strength values,

(3) The Westinghouse modified T-1l1ll alloy was recommended for uniform
evaluation at AMRA, and if the Westinghouse data are confirmed, for a pre-
production sheet rolling program.

(4) National Research Corporation provided data indicating that low-
interstitial Ta-10W and Ta-8W~-2Hf have comparable strength end ductility
properties, indicating that the superiority noted in the early Westinghouse
T-111 data was influenced by high-interstitial content.

(5) The Battelle-du Pont Air Force scale-up alloys, Ta-5W-2,5Mo and
Ta-10W-2,5M0, 80 far have not been produced in sheet sizes corresponding
to the ground rules for pilot size, nor have properti'ea corresponding to
the Alloy Requirements & Selection Subpanel targets yet been determined.
On the basis of limited information, it appears that the Ta-5W-2.5Mo alloy
possco3es no strength advantage over Ta-10W, and the higher strength Ta-
10W-2.5M0 18 not ductile in the welded condition.

(6) 1In general, the ARSS was disappointed that tantalum-alloy
candidat2s greatly superior to Ta-10W have not been offered. It is noted,
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however, there may be an adventage in alloys containing reactive metal
sdditions, like Ta<W-Hf, to sexrve as an internal getter in applications
involving liquid metals.

(7) 1t is recommended that research and development programs calling
for Westinghouse T-111 alloy should congider substitution of modified
T-111 slloy.

May 21, 1964 (see Table 12)

(1) The Alloy Requirements & Selection Subpanel identified the
General Electric 473 (Ta-7W-3Re) and Westinghouse T-222 (Ta-10W-2,5Hf-
0.01C) slloys as the two outstanding tantalum alloys so far developed.
Alloy davelopment appears to have resvlted in optimized compositions, and
little future improvement can be expected in weldable-ciass tantalum slloys.

€2) The processing procedure for General Rlectric 473 appears to
have been well worked out, and there appears to be no need for Government
support on production-level processing. Because there are no known present
or future requirsments for high-strength tantalum sheet, no recommendatfion
was made for a production sheet rolling program for Phase II and Phase III
evaluations.

(3) Additional process development of Westimghouse T-222 is in proe~
gress for the Navy, which will answer questions about the feasibility of
scale-up to large ingots. It is recommended that Westinghouse investigate
the consolidation starting with tantalum powder in this contract.

Tungsten Alloys
November 30, 1962

(1) The Alloy Requirements & Selection Subpanel was impressed by the
great progress that had been made in the quality of high-strength sheet
alloys of tungsten by the arc-cest and the powder-metallurgy methods.

(2) 8ince it appears that those things which needed doing to permit
further judgment of high-strength tungsten sheet were, indeed, being done,
further action by the ARSS was deferred until Spring, 1963, at which time

the status and progress of both arc-cast and powder-metallurgy alloys will

be reviewed,
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TABLE 12. COMPLIANCE OF TANTALUM-ALLOY CANDIDATES WITH MAS TARGETS

(Presented at May 21, 1964, Meeting)

G. E. 473 Westing®ouse T222 (9.6W -2.4H{-0.91C)
Property Target (TW -3Re) and $T222 (11.2W-2.8H{-0.01C)
Room-Tempersture Temile
Stress Relicved fru-fey-160)  158-151-3.5 (CW, L) -
Recrystallized frafry-15()  106-94-22.5 (1) 113-111-24 (T222)
Elevated-Temgperatize Tensile
2400 F 35-35-* 30.6-21.8-70 (2520 F)  (56-64)-(37-40)~(25-23)
30007 25-16-% 26-17.5-49 (3040 F) {26-29)-(24-28)-(55-65)
35007 15-10-¢ 14-10.9-32 (3550 F)  (15-13.7)~(14.5-13.3)-(35-48)
Suress-Rupture Strength, ki
400r
13 State <. 43-51
10 Hr - oo 35-42
3000 F
1Hr " 8.4 (3500 F) 18-19
10 Hr " § (3500 F) 12-13
50% Recrystallization State
Temperaiure, F (1 Hr) <2732
Transition Temperature, F
4T Bend -320 .- <320 F
Tensile State <-320 <=2715 F to <-250 F
Notch-Sensitivity Ratio(®? 1.2 -- 1.17 (-320 )
Room-Temperature Bend Ductility '
Base 1T <aT <1,6T
Weld 2T <1T <i.6T
Density, g/cc State 16.8 o

{a) Ultimate strength in ksi, 0.%h offset yield strength in ksi, and per cent elongation in 1 inch,
(b) Whete a racge is given, the first value corresponds to T222 and the second to ST222.
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April 17, 1963 (see Tsble 13)

(1) The Sylvania "A" tungsten alloy passed the ground rules for pilot
production, and the alloy appesred to be 2 most interesting candidate for
high-strength tungsten sheet.

(2) The numerical data presented on Sylvania "A" alloy appesred very
interesting, though many of the desired target properties were not deter-
mined.

(3) Sylvania "A" alloy was recommended for uniform evaluation at the
Aray Materials Research Agency, Watertown Arsenal.

(6) It is understood that Sylvania will release information about
the composition of "A" alloy after filing patent applications, and that
this information should De available within the next several months,

(5) The Alloy Requirements & Selection Subpanel wishes to defer final
recommendation until more complete information from Sylvania and tue AMRA
uniform evaluation data become svailable. However, tentatively, the alloy
is being considered for Sheet Rolling Panel support on a preproduction
level, at the 18 x 36-inch size.

May 21, 1964

(1) Sylvania W-0,5Hf-0,02C powder-metallurgy tungsten ailoy apparently
is being commercialized by Sylvania. It war not presented as a candidate
for an alloy-sheet-rolling program. No recommendation is made relative
to sheet~-rolling support.

(2) The Allied granule tungsten product appears to be an 1ntérest1ng
dilute tungsten class of material, with improved recrystallization and
grain-growth characteristics compared with unalloyed tuncsten, The develop-
ment has not yet met Sheet Rolling Panel ground rules. Allied was en-~
couraged to extend their evaluation at least to the pilot~stage developmant
and have properties checked against the dilute tungsten targets. The Alloy
Requirements & Seiection Subpanel also recommended that the current BuWeps
program at Batteii> on evaluation of various types of tungsten, including
Allied, evaluate the Allied material in pilot-size sheet against Sheet
Rolling Panel target properties.
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(3) Encouraging laborstory studies are in progress at Battelle and
NASA-Levwis on ductile tungsten alloys containing 3 to 5 per cent rhenium,
which show room-temperature ductility. The Alioy Requirements & Selection
Subpanel will continus to review progress on this class of alloy.

July 13, 1965 (see Table 14)

(1) A very promising situation exists with regard to new tungsten
slloys. Substantisl progress has been made within the last 2 years.

(2) PFurther devslopments of both the high-strength and Cuctfle classes
should be encouraged, possibly combining the seversl slloying mechsnisms,

(3) A selection of the most promising alloy or slloys . uld be made
in the future. One rsason a sslection was not made at this time is that
the properties of the various alloys constitute different combinations of
virtues and liasbilities -~ some emphssizing strength, others ductility,
veldability, etc. S3ince firm requirements are not known now,a selaction
at this time would be premature,

(4) The selected alloy or alloys should be scaled up, st least at
the pilot levei, to demonstrate feasibility and to determine design data.

Specific comvents regarding the slloys presented vere as follows:

A. Ductile Class

NASA-Lewis (Electron-Beam-Melted W~2Rc). This slloy has strength

properties comparable with those of tungsten, but much superior low-
temperature ductility and ease of fabrication.

General Electric LMCD (W-25Re). This alloy displays remarkable

room~temperature strength and ductility (ultimate tensile strength
275 kesi, 14 per cent elongation). Welds relatively brittle and lacks
stability needed in some nuclesr appiications.

Generel Electric NMPO (W-27Re-20Mo). This alloy has must of
desirable characteristics of W-25Re, with somewhat lower melting
point but superior low-temperature ductility, weld ductility, and

elevated-temperature stability,
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Battelle {Doped W-5Re~Z.2TH.;. -“is alloy has high room-
temperature strength and ductility. % .2 ductility is low.

Sylvania (i-Re-Hf or W-Re-Zr). This alloy shows a unique com-
bination of high-temperature strength and low-temperature ducstility,
¥Weld data lacking.

Linde-Philco (8ingle-Crystal Tungstem). Not much promise was

seen for the single-crystal route for sheet applications,

High-Strength Class

Westinghouse Q-Z‘rhoz)_. This alloy has outstanding stability
of a very fine ‘l."ho2 dispersion. Sheet data lacking.

NASA Lewis (W-0.2Hf-0.17C). Yhis alloy has good fabricability
ané very high elevated-temperature strength,

Climax (W-0.52r-0,05C). This alloy is similar to the above, but
Climax has experienced much greater fabricatfion difficulty.

TRW_(W-20Ts-12Mo and W-12Cb=0,3V=0,122r-0,07C). These alloys
posseas poorer fabricability and higher ductile-brittle transition

temperatures, relative to dilute tungsten-base alloys of comparable

strength,
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APPENDIX III

EVALUATION OF CANDIDATE REFRACTORY METAL SHEET ALLOYS
BY THE U, S, ABMY MATERIALS RESEARCH AGENCY

In December 1959, shortly after establisitment of the Materials Advi-
sory Board Panel fcr Refractory Metals Sheet Program, the U. S. Army rep-
resentative remarked that experience during earlier titanfum sheet alioy
development had demonstrated that selection of candidate alloys and recom-
rendation of these for Government support should not depend upon data sup-
plied solely by the producers. He suggested that an independent laboratory
test samples of such alloys and certify those prcperties which the Alloy
Requirements & Selection Subpanmel might elect, The following advantages f

such action were foreseen:

1. Sheet samples of the various candidate alloys could be evaluated
in identical fashion, using methods recommended by the Subpanel on Standard-
ization of Test Methods, so that direct comsarisun of their respective

properties would be possible,

2, Complete characterization of each candidate, to the extent re-
quired in "ground rules" established by the Alloy Requirements & Selection
Subpanel, would be accomplished,

3. Selection of more promising alloys for which to recommend govern-
ment support would be facilitated by confirming and clarifying these criti-

cal properties forming the bases for selection.

At that time acquisition of property information for candidate alloys
as required by the ARSS was difficult, Procedures for elevated temperature
testing of refractory metal sheet had not: been adequately developed, standard-
ization of methods was lacking, both sample material and test equipment were
costly, Por these reasons reported properties were not infreguently suspect
and complete characterization of candidate alloys in accordance with ARSS
requirements was seldom achieved by the producer. As a result of this sit-
uation, the Panel recommended that a single qualified laboratory test all

candidate sheet alloys as part of the ARSS evaluation procedure. The U.S.
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Army Materfals Research Agency volunteered to provide such technical persnn-

nel, equipment and supporting funds as would be required for this purpose.

It is not claimed that AMRA findings were more eccurate than those of
any other laboratory. However, the concepl of a single laboratory to pro-
vide property data enabling comparison of candidate alloys does not require
"hat these data be precisely correct, provided thet they are of congistert
accuracy, The excellent consistency of the AMRA data cen be judged by in-
specting AMRA Technical Reports Nos. 64-16 and 65-25.

A continuing problem in AMRA evaluation of candidates was the transient
nature cf these developmentzl alloys., Since evaluation of a sample commonly
required a period of months, during which time develorment of the alloy con-
tinucd at the producer's laboratory, it was not unusual to find newly ac-
quired data obsolete at time of publication. Indeed, during the most active
period of the program, infiux of candidates for evaluation (and continued
development of these same candidates at a high rate of effort) exceeded the
capability of the AMRA group to keep up with the increasing workload. In-
asmuch as the AMRA property data proved most useful in those instancea where
it was available 2s a basis for selection of competitive candidates, this
eXxperience should be recognized., Future Government-supported allcy develop-
ment programs, wherein essential testing procedures are both difficult and
nonstandardized, and wh.rein comparable property data are necessary as the
means for selection, should make adequate provision to properly accomplish

ti.is evaluation service,
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THE NATIONAL ACADEMY OF SCIENCES is a privaie, honorary orzanization of
more than 700 scientists and engineers elected on the baris of outstanding contributions
to knowledge. Estabiisned by a Congressional Act of Incorporation signed by Abrsham
Linceln on March 3, 1863, and supported by private and public funds, the Academy
works to further science and its use for the general welfare by bringing together the
most qualified individuals to dea! with scientific ard technological problems of broad
gignificance.

Under tke terms of its Congressional charter, the Academy is alsa called upux tc
act as official —yet independent—adviser to the Federa! Government in any matter of
science and technology. This provision saccournts for the close ties that have always
existed between the Academy and the Government, alhough the Academy is not &
governmental agency and its activities are not limited to those on behalf of the
Government.

THE NATIONAL ACADEMY OF ENGINEERING was established on December 5,
1964. On that date the Council of the National Academy of Sciences, under the authority
of its Act of Incorporation, adopted Articles of Organization bringing the Nativnal
Academy of Engineering into beingz, independent and autonomous in its organization
and the eler*ion of its members, and closely coordinated with the National Academy of
Sciences in its advisory activitics. The two Academies join in the furtherance of science
and engireerng and share the rasponsbility of advising the Federal Government, upon
request, on any subject of science or technology.

THE NATIONAL RESEARCH COUNCIL was organized as an agency of the National
Academy cf Sciences in 1916, at the request of President Wilson, to enable the broad
community of U. S. scientists and egnineers to associate their efforts with the limited
membersiip of the Academy in service to science and the nation. I*s members, who
receive their appointments from the President of the National Academy of Sciences,
are drawn from academic, industrial and government organizations throuzhout the
count-y. The National Research Council serves both Academies in the discharge of
their responsibilities. g

Supported by private and public contributions, grants, and contracts, and voluntary
contributions of time and effort by several thousand of the nation’s leading scientists
and engineers, the Academies and their Research Council thus work to serve the national
interest, to foster the sound development of science and engineering, and to promote
their effective application for the benefit of society.

THE DIVISION OF ENGINEERING is one of the eight major Divisions into which
the Nationa® Rescarch Council is organized for the conduct of its work. Its membership
includes representatives of the nation’s leading technical societics as well as a number
of members-at-large. Its Chairman is appointed by the Council of the Academy of
Sciences upon nomination by the Council of the Academy of Engireering.

THE MATERIALS ADVISORY BOARD is a unit of the Division of Engineering of
the National Academy of Sciences-National Research Council. It was organized in 1951
under the name of the Metallurgical Advisory Board to provide to the Academy
advisory services and studies in the broad field of metallurgical science and technology.
Since the organization date, the scope has been expanded to include organic and
inorganic nonmetallic materials, and the name has been changed to the Materials

‘Advisory Board.

Under a contract between the Office of the Secretzry of Defense and the National
Academy of Sciences, the-Bvard’s present assigninent is

“...to conduct studies, surveys, make critical analyses, and prepare and
furnish to the Director of Defense Research and Engineering advisory and
technical reports, with respect to the entire field of materials research, including
the planning phases thereof.” -
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